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Devwudfw
Lq wklv sdshu zh lqwurgxfh wkh VWDU0VWJDUFK prgho wkdw fdq fkdudf0
whul}h qrqolqhdu ehkdylrxu erwk lq wkh frqglwlrqdo phdq dqg wkh frqglwlrqdo
yduldqfh1 D prghoolqj f|foh iru wklv idplo| ri prghov/ frqvlvwlqj ri vshflfd0
wlrq/ hvwlpdwlrq/ dqg hydoxdwlrq vwdjhv lv frqvwuxfwhg1 Plvvshflfdwlrq whvwv
iru wkh hvwlpdwhg prgho duh rewdlqhg xvlqj vwdqgdug dv|pswrwlf glvwulexwlrq
wkhru|1 Zh looxvwudwh wkh dfwxdo prghoolqj e| dsso|lqj wkh VWDU0VWJDUFK
prgho idplo| wr wzr vhulhv ri gdlo| revhuydwlrqv/ wkh Vzhglvk RP[ lqgh{ dqg
wkh h{fkdqjh udwh MS\0XVG1
Nh|zrugv= Ilqdqfldo wlph vhulhv/ prgho plvvshflfdwlrq whvw/ qrqolqhdu wlph
vhulhv/ vprrwk wudqvlwlrq dxwruhjuhvvlyh prgho/ vprrwk wudqvlwlrq JDUFK/
wlph vhulhv prgho vshflfdwlrq1
MHO Fodvvlfdwlrq Frgh= F84/ F85/ I641
Dfnqrzohgjhphqwv= Wkh uvw dxwkru dfnqrzohgjhv qdqfldo vxssruw iurp
wkh Wruh Eurzdogk*v Irxqgdwlrq1 Wkh uhvhdufk ri wkh vhfrqg dxwkru kdv ehhq
vxssruwhg e| wkh Vzhglvk Frxqflo iru Uhvhdufk lq Kxpdqlwlhv dqg Vrfldo Vfl0
hqfhv1 Pdwhuldo iurp wkh sdshu kdv ehhq suhvhqwhg dw wkh Iliwk Zrunvkrs rq
Ilqdqfh dqg Hfrqrphwulfv/ Euxvvhov/ Ghfhpehu 4<<:/ Frqihuhqfh rq Ilqdq0
fldo Pdunhwv dqg wkh Pdfurhfrqrp|/ Elhohihog/ Ghfhpehu 4<<:/ Vl{wk Dqqxdo
V|psrvlxp ri wkh Vrflhw| iru Qrqolqhdu G|qdplfv dqg Hfrqrphwulfv/ Qhz
\run/ Q\/ Pdufk 4<<;/ dqg Vwrfkdvwlfv *<;/ Sudjxh/ Dxjxvw 4<<;1 Frpphqwv
iurp sduwlflsdqwv/ Pduqr Yhuehhn dqg Euxfh Pl}udfk lq sduwlfxodu/ duh judwh0
ixoo| dfnqrzohgjhg1 Zh dovr zlvk wr wkdqn Fkdqjol Kh dqg Folyh Judqjhu iru
wkhlu frpphqwv1 Dq| huuruv dqg vkruwfrplqjv lq wkh sdshu uhpdlq rxu rzq
uhvsrqvlelolw|141 Lqwurgxfwlrq
Prghoolqj qdqfldo wlph vhulhv kdv uhfhqwo| uhfhlyhg frqvlghudeoh dwwhqwlrq1 Pdq|
ri wkhvh vhulhv duh kljk iuhtxhqf|/ wkdw lv/ wkh| frqvlvw ri zhhno|/ gdlo| ru hyhq
lqwudgdlo| revhuydwlrqv1 Lq wklv sdshu/ kljk iuhtxhqf| vlpso| phdqv wkdw wkh frq0
glwlrqdo yduldqfh ri wkh surfhvv lv qrw frqvwdqw ryhu wlph1 Dv pdq| kljk iuhtxhqf|
vhulhv vkrz olwwoh ru qr olqhdu ghshqghqfh/ wkh irfxv kdv ehhq rq prghoolqj wkh frqgl0
wlrqdo yduldqfh1 Wkh lghd ri frqglwlrqdo dxwruhjuhvvlyh khwhurvnhgdvwlflw| +DUFK>
Hqjoh/ 4<;5, kdv ohg wr d odujh qxpehu ri h{whqvlrqv ri wkh ruljlqdo prgho dqg
dssolfdwlrqv1 Eroohuvohy/ Hqjoh dqg Qhovrq +4<<7, dqg Sdop +4<<9, duh h{dpsohv
ri uhfhqw vxuyh|v ri wkh duhd1 Dqrwkhu yduldqw ri DUFK/ wkh vr0fdoohg Vwrfkdvwlf
Yrodwlolw| prgho +Wd|oru/ 4<;9/ s1 :61, kdv jdlqhg srsxodulw| uhfhqwo|/ dqg wkh
odwhvw ghyhorsphqwv zhuh vxuyh|hg lq Jk|vhov/ Kduyh| dqg Uhqdxow +4<<9,1 Lw kdv
ehhq dujxhg/ krzhyhu/ wkdw ghvslwh wkh devhqfh ri olqhdu ghshqghqfh wkhuh pd| eh
qrqolqhdu ghshqghqfh lq wkh frqglwlrqdo phdq1 Wklv vkrxog wkhq eh dssursuldwho|
prghoohg lq rughu wr dyrlg plvvshflfdwlrq ri wkh frqglwlrqdo yduldqfh1 Wrqj +4<<3/
s1 449, vxjjhvwhg frpelqlqj wkh Vhoi H{flwlqj Wkuhvkrog Dxwruhjuhvvlyh +VHWDU,
prgho iru wkh frqglwlrqdo phdq zlwk dq DUFK prgho iru wkh frqglwlrqdo yduldqfh1
Ol dqg Odp +4<<8, iroorzhg wklv vxjjhvwlrq dqg dovr ghylvhg d vshflfdwlrq vwudwhj|
iru exloglqj VHWDU0DUFK prghov1 Wkh| dssolhg wkhlu prgho wr wkh gdlo| Krqj
Nrqj Kdqj Vhqj vwrfn lqgh{ dqg uhsruwhg qrqolqhdulwlhv lq wkh frqglwlrqdo phdq1
Wkh ruljlqdo DUFK prgho dqg lwv prvw lpsruwdqw h{whqvlrq/ wkh jhqhudol}hg
DUFK +JDUFK,/ duh v|pphwulf= zkloh wkh vl}h ri wkh vkrfn pdwwhuv/ wkh vljq
grhv qrw1 Pdq| dxwkruv kdyh dujxhg wkdw vkrfnv pd| kdyh dv|pphwulf hhfwv wr
yrodwlolw|= wkh g|qdplf uhvsrqvh wr d srvlwlyh vkrfn lv qrw qhfhvvdulo| wkh pluuru
lpdjh ri wkh uhvsrqvh wr d qhjdwlyh vkrfn ri wkh vdph vl}h1 Sdjdq +4<<9,/ lq
klv vxuyh| ri ghyhorsphqwv lq qdqfldo hfrqrphwulfv/ surylghg d xvhixo uhylhz ri
prghov wkdw fdq kdqgoh wklv w|sh ri dv|pphwu|1 D qdwxudo lghd zrxog eh wr frpelqh
vxfk d sdudphwhul}dwlrq ri wkh frqglwlrqdo yduldqfh zlwk d qrqolqhdu prgho iru wkh
frqglwlrqdo phdq1 Ol dqg Ol +4<<9, glg h{dfwo| wkdw e| ghqlqj d grxeoh wkuhvkrog
dxwruhjuhvvlyh khwhurvnhgdvwlf +GWDUFK, wlph vhulhv prgho1 D GWDUFK prgho
kdv d VHWDU0w|sh frqglwlrqdo phdq1 Wkh frqglwlrqdo yduldqfh lv sdudphwhul}hg
vlploduo|/ dqg wkh dxwkruv fdoohg wkhlu vshflfdwlrq wkh wkuhvkrog DUFK +WDUFK,
prgho1 Qrwh/ krzhyhu/ wkdw lw glhuv iurp wkh WDUFK prgho ri ]dnròdq +4<<7, lq
wkdw wkh odwwhu lv d sdudphwhul}dwlrq ri wkh frqglwlrqdo vwdqgdug ghyldwlrq1 Ol dqg
Ol +4<<9, dovr surylghg d frpsuhkhqvlyh prghoolqj vwudwhj| iru GWDUFK prghov1
4Lw zdv edvhg rq wkh lghd ri rughuhg dxwruhjuhvvlrqv zklfk Wvd| +4<;<, vxffhvvixoo|
dssolhg wr wkh vshflfdwlrq ri VHWDU prghov1 Wkh dxwkruv wwhg wkhlu GWDUFK
vshflfdwlrq wr wkh gdlo| Krqj Nrqj Kdqj Vhqj vwrfn lqgh{1
Uhfhqwo|/ Ohh dqg Ol +4<<;, jhqhudol}hg wkh GWDUFK prgho e| doorzlqj wkh
wudqvlwlrq ri wkh uvw dqg vhfrqg uhjlph wr eh vprrwk1 Wkh| fdoohg wklv prgho wkh
Vprrwk Wudqvlwlrq Grxeoh Wkuhvkrog prgho1 Lq wklv sdshu zh iroorz Ohh dqg Ol
+4<<;, e| dgrswlqj wkh lghd ri vprrwk wudqvlwlrq lq wkh frqglwlrqdo phdq zklfk
uvw dsshduhg lq Edfrq dqg Zdwwv +4<:4,1 Rxu sdshu pd| eh vhhq dv dq h{whqvlrq
ri Ohh dqg Ol*v zrun lq wkh vhqvh wkdw zh vlpxowdqhrxvo| doorz d udwkhu  h{leoh
vshflfdwlrq iru wkh frqglwlrqdo yduldqfh dv zhoo1 Ehvlghv/ plvvshflfdwlrq whvwlqj
zloo uhfhlyh sohqw| ri dwwhqwlrq lq wklv sdshu1 Wkh frqglwlrqdo phdq lv wkxv vshfl0
hg dv d Vprrwk Wudqvlwlrq Dxwruhjuhvvlyh +VWDU, prgho> vhh/ iru h{dpsoh/ Fkdq
dqg Wrqj +4<;9,/ Judqjhu dqg Whuçvyluwd +4<<6, dqg Whuçvyluwd +4<<7,1 Wkh frq0
glwlrqdo yduldqfh lv vshflhg dv d Vprrwk Wudqvlwlrq JDUFK +VWJDUFK, prgho>
vhh Kdjhuxg +4<<:, dqg Jrq}äoh}0Ulyhud +4<<;,1 Rxu VWJDUFK prgho lv d jhq0
hudol}dwlrq ri wkh JMU0JDUFK prgho +Jorvwhq/ Mdjdqqdwkdq dqg Uxqnoh/ 4<<6,
dqg wkh Jhqhudol}hg Txdgudwlf DUFK prgho ri Vhqwdqd +4<<8,1 Lw doorzv sohqw|
ri vfrsh iru h{sodlqlqj dv|pphwulhv lq yrodwlolw|1 Rxu dlp lv wr frqvwuxfw d frp0
sohwh prghoolqj f|foh iru rxu VWDU0VWJDUFK idplo| ri prghov/ frqvlvwlqj ri wkuhh
vwdjhv= vshflfdwlrq/ hvwlpdwlrq dqg hydoxdwlrq1
Wkh sodq ri wkh sdshu lv dv iroorzv1 Zh ghqh wkh prgho lq Vhfwlrq 5 dqg
glvfxvv lwv vshflfdwlrq/ hvwlpdwlrq dqg hydoxdwlrq lq Vhfwlrqv 6 dqg 71 Lq Vhfwlrq 8
zh dsso| wkh VWDU0VWJDUFK prgho wr gdlo| uhwxuqv ri wkh Vzhglvk RP[ lqgh{
dqg wkh gdlo| MS\2XVG h{fkdqjh udwh dqg vwxg| surshuwlhv ri rqh0vwhs0dkhdg rxw0
ri0vdpsoh iruhfdvwv1 Vhfwlrq 9 frqfoxghv1
51 Wkh prgho
Wkh orjlvwlf vprrwk wudqvlwlrq yhuvlrq ri wkh DU+p,0JDUFK+s/t, sdudphwhul}dwlrq
lv d vshfldo fdvh ri wkh iroorzlqj dgglwlyh qrqolqhdu prgho lq zklfk wkh frqglwlrqdo
phdq kdv wkh iroorzlqj vwuxfwxuh=
|w @ *3zw . i +zw>,.x w +514,
zkhuh * @+ * 3 >* 4>===>*p,3 lv wkh sdudphwhu yhfwru iru wkh dxwruhjuhvvlyh sduw ri
wkh prgho dqg zw @+ 4 >| w￿4>===>|w￿p,3 lv wkh fruuhvsrqglqj odj yhfwru1 Ixqfwlrq
i +zw>, lv qrqolqhdu dqg dvvxphg wr eh dw ohdvw wzlfh frqwlqxrxvo| glhuhqwldeoh





zkhuh i%wj q qlg+3>4, dqg kw @ k+zw>*>>>,@ 3} w.j + } w> ,lv wkh frqglwlrqdo
yduldqfh qrw ghshqghqw rq %w dqg srvlwlyh iru hyhu| w zlwk suredelolw| rqh1 Ghql0
wlrq +515, suhfoxghv olqhdu ghshqghqfh lq ixwj1 Vhwwlqj @+  3> 4>===>t>4>===>s,3
dqg }w @+ 4 >x 5
w￿ 4>===>x5
w￿t>k w￿4>===>kw￿s,3 zkhuh kw A 3 iru doo w zlwk suredelo0
lw| rqh/ pdnhv wkh olqhdu sduw ri +515, d JDUFK+s/t, prgho1 Ixuwkhupruh/ xw @
|w  *3zw  i +zw>, vxfk wkdw qhlwkhu * qru  lv dvvxphg wr ghshqg rq hlwkhu
 ru 1 Ixqfwlrq j+}w>, lv qrqolqhdu dqg dw ohdvw wzlfh frqwlqxrxvo| glhuhq0
wldeoh iru  5  hyhu|zkhuh lq }w 5? s . t .41 Wkh qrupdolw| dvvxpswlrq ri hu0
uruv i%wj lv qrw qhfhvvdu| exw lv uhwdlqhg iru lqihuhqfh1 Lw lv dovr dvvxphg wkdw
wkh prphqwv qhfhvvdu| iru wkh lqihuhqfh h{lvw dqg wkdw wkh sdudphwhuv duh vxe0
mhfw wr uhvwulfwlrqv vxfk wkdw wkh prgho lv vwdwlrqdu| dqg hujrglf1 Wkh xvxdo
uhvwulfwlrqv lpsrvhg rq  wr hqvxuh qrqqhjdwlyh frqglwlrqdo yduldqfh kdyh ehhq
3 A 3> m  3>m @4 >===>t  4> t A 3>m  3>m>===>s= Wkh| fdq eh uhod{hg dv lq
Qhovrq dqg Fdr +4<<5,> vhh dovr Kh dqg Whuçvyluwd +4<<<e,1
Lq rughu wr ghqh i +zw>, dqg j+}w>,/o h w







>A3>f 4===  fq +516,
zkhuh vw lv wkh wudqvlwlrq yduldeoh/  lv d vorsh sdudphwhu dqg f @+ f 4 >===>fq,3 d
orfdwlrq yhfwru1 Wkh sdudphwhu uhvwulfwlrqv A3dqg f4  ===  fq duh lghqwli|lqj
uhvwulfwlrqv1 Wkh ydoxh ri wkh orjlvwlf ixqfwlrq +516,/ zklfk lv erxqghg ehwzhhq d
dqg 4/ 3  d  4@5 ghshqgv rq wkh wudqvlwlrq yduldeoh vw1Q r w h w k d w i r u  @3 /
K q + v w > >f,  4@5 dqg zkhq  $4 /d q gq@4 /K q + v w > >f, ehfrphv d vwhs0
ixqfwlrq1 Lw ehfrphv d pxowlvwhs ixqfwlrq dv  $4 /l iqA4 1
Lq wklv sdshu/ i +zw>, lv ghqhg dv d surgxfw ri wkh orjlvwlf ixqfwlrq +516, ri
rughu q dqg dqrwkhu olqhdu frpelqdwlrq lqfoxglqj odjv ri |w1 Vhwwlqj  @+ !
3>>f 3, 3/
wkh ixqfwlrq fdq eh zulwwhq dv
i +zw>,@!
3z wK q+ v w>>f, +517,
Ixqfwlrq +517, lv erxqghg rqo| lq suredelolw|1 Lq wklv sdshu wkh wudqvlwlrq yduldeoh
lv vw @ |w￿g p r v wr iw k hw l p he x wv w@wlv dqrwkhu lpsruwdqw fdvh1 Rwkhu ghqlwlrqv
vxfk dv vw ehlqj d olqhdu frpelqdwlrq ri yduldeohv duh srvvleoh dv zhoo1 E| lqvhuwlqj
6+517, lqwr +514, zh rewdlq wkh OVWDU+q, prgho zklfk e| ghqlwlrq ehfrphv olqhdu
li  @3 1 Vhwwlqj q @5dqg f4 @ f5 |lhogv d prgho wkdw forvho| dssur{lpdwhv
wkh h{srqhqwldo VWDU ru HVWDU prgho> vhh Whuçvyluwd +4<<7,1 VWDU prghov duh
fdsdeoh ri fkdudfwhul}lqj dv|pphwulf vhulhv dqg vhulhv zlwk vxgghq xsvzlqjv dqg
grzqwxuqv1 Fkdsshoo dqg Shho +4<<;, uhfhqwo| vkrzhg wkdw wkh| fdq dovr jhqhudwh
uhdol}dwlrqv wkdw dsshdu fkdrwlf1 Edfrq dqg Zdwwv +4<:4, zhuh wkh uvw rqhv wr
dsso| wkh lghd ri vprrwk wudqvlwlrq wr vwdwlvwlfdo prghoolqj1
Rxu frqglwlrqdo yduldqfh vshflfdwlrq lv d jhqhudol}dwlrq ri wkh JMU0JDUFK
prgho ri Jorvwhq/ Mdjdqqdwkdq dqg Uxqnoh +4<<6,1 Zh pdnh wkh wudqvlwlrq eh0
wzhhq wkh h{wuhph uhjlphv vprrwk e| dvvxplqj wkdw j+}w>, kdv wkh vdph orjlvwlf
vwuxfwxuh dv i +zw>,1 Wklv lv d qdwxudo h{whqvlrq ri wkh lghd ri vprrwk wudq0
vlwlrq wr prghoolqj frqglwlrqdo yduldqfh1 Wkxv e| vhwwlqj  @+  ￿ >>n 3, 3 zkhuh









Lq sudfwlfh zh uhvwulfw rxuvhoyhv wr fdvhv q￿ @4 >5 1 Qr qrqolqhdu vwuxfwxuh lv lpsrvhg
rq kw￿m/ m @4 >===>s> vlqfh wkh prgho lv yhu|  h{leoh hyhq zlwkrxw vxfk dq h{whqvlrq1
Wkh prgho fdq fkdudfwhul}h surfhvvhv zlwk dq dv|pphwulf uhvsrqvh wr vkrfnv zlwk
wkh vdph pdjqlwxgh exw rssrvlwh vljqv1 Zlwk q @5dqg n4 @ n5/ d v|pphwulf exw
qrqolqhdu uhvsrqvh pd| eh fkdudfwhul}hg dv zhoo1 Wkh uvw vxp rq wkh uljkw0kdqg
vlgh lv d qrqolqhdu yduldqw ri wkh fruuhvsrqglqj vwuxfwxuh lq wkh JTDUFK prgho
ri Vhqwdqd +4<<8,1 Frqglwlrqv iru srvlwlylw| ri wkh frqglwlrqdo yduldqfh duh vlpsohu
wkdq lq wkh JTDUFK prgho= 3 A 3/ 3.
t S
m@4
3m A 3/ m  3/ m . 5m  3/
m @4 >===>t> m  3/ m @4 >===>s/ irup d vhw ri vx!flhqw frqglwlrqv1 Zh ghqrwh +518,
lqvhuwhg lqwr +515, dv wkh Orjlvwlf Vprrwk Wudqvlwlrq JDUFK +OVWJDUFK+q￿,,
prgho zklfk e| ghqlwlrq froodsvhv lqwr wkh vwdqgdug JDUFK prgho li  @3 1W k h
qrqolqhdu JDUFK prgho lq Kdjhuxg +4<<:, pd| eh ylhzhg dv d vshfldo fdvh ri wklv
sdudphwul}dwlrq zlwk 34 @ === @ 3t @3 1
Dvvxplqj qrupdoo| glvwulexwhg huuruv/ Hqjoh +4<;5, vkrzhg wkdw wkh lqirupdwlrq
pdwul{ ri wkh frqglwlrqdo phdq0DUFK prgho lv eorfn0gldjrqdo li vrph uhjxodulw|
frqglwlrqv krog dqg li wkh sdudphwhul}dwlrq ri wkh frqglwlrqdo yduldqfh lv v|pphwulf
lq wkh vhqvh wkdw wkh prgho uhvsrqgv vlploduo| wr srvlwlyh dqg qhjdwlyh lqsxwv ri
wkh vdph vl}h1 Wklv lq wxuq lpsolhv wkdw li wkh frqglwlrqdo phdq lv hvwlpdwhg zlwk d
frqvlvwhqw hvwlpdwru/ wkh frqglwlrqdo yduldqfh fdq eh hvwlpdwhg iurp wkh uhvlgxdov
ri wkh frqglwlrqdo phdq prgho zlwkrxw orvv ri dv|pswrwlf h!flhqf|1 Wkh fodvvlfdo
7JDUFK sdudphwhul}dwlrq lv v|pphwulf dqg vdwlvhv wkh uhjxodulw| frqglwlrqv/ vhh
Eroohuvohy +4<;9,/ vr wkdw wkh OVWDU0olqhdu JDUFK prgho kdv wklv surshuw|1 Exw
wkhq/ wkh jhqhudo vprrwk wudqvlwlrq JDUFK prgho pd| qrw eh v|pphwulf/ lq zklfk
fdvh wkh xvxdo wzr0vwdjh hvwlpdwlrq vwudwhj| ohdgv wr frqvlvwhqw exw qrw dv|pswrw0
lfdoo| h!flhqw hvwlpdwhv1 Krzhyhu/ li q￿ @5dqg f4 @ f5 lq +516,/ wkh VWJDUFK
prgho lv v|pphwulf1
61 Vshflfdwlrq dqg hvwlpdwlrq ri d VWDU0VWJDUFK prgho
Wkh qrqolqhdu VWDU0VWJDUFK prgho ghqhg lq +5140518, lv wkh prvw jhqhudo
sdudphwhul}dwlrq frqvlghuhg lq wklv sdshu1 Lw lv qhyhuwkhohvv srvvleoh wkdw wkh wlph
vhulhv xqghu frqvlghudwlrq pd| eh dghtxdwho| fkdudfwhul}hg e| d vxeprgho ri wkh
jhqhudo VWDU0VWJDUFK rqh1 Iru lqvwdqfh/ wkh frqglwlrqdo phdq pd| eh olqhdu
ru wkh frqglwlrqdo yduldqfh frqvwdqw1 Ixuwkhupruh/ hyhq li zh hyhqwxdoo| vhohfw d
j h q h u d op r g h ow k h u hd u hv w l o of k r l f h vw re hp d g hw k d wk d y hw re he d v h gr qw k hg d w d 1
Wkh ghod| g lq wkh frqglwlrqdo phdq xvxdoo| kdv wr vshflhg iurp wkh gdwd dv zhoo
dv wkh pd{lpxp odj ohqjwk dqg wkh w|sh ri wkh wudqvlwlrq ixqfwlrq +q @4ru 5,1
Zh dovr kdyh wr vhohfw wkh odj ohqjwk dqg wkh w|sh ri wudqvlwlrq ixqfwlrq +q￿ @4ru
5, lq wkh VWJDUFK vshflfdwlrq ri wkh frqglwlrqdo yduldqfh1 Doo wklv uhtxluhv d
frkhuhqw vshflfdwlrq vwudwhj| vxfk dv/ iru h{dpsoh/ lq Er{ dqg Mhqnlqv +4<:3,/ Ol
dqg Ol +4<<9,/ Wvd| +4<;</ 4<<;, dqg Whuçvyluwd +4<<7,1
Rxu jhqhudo uxoh lv wr vshfli| wkh frqglwlrqdo phdq uvw/ iroorzhg e| wkh frq0
glwlrqdo yduldqfh1 Wkh uhdvrq lv wkdw zh pd| hvwlpdwh wkh sdudphwhuv ri wkh frq0
glwlrqdo phdq frqvlvwhqwo| hyhq li wkh frqglwlrqdo yduldqfh lv qrw vshflhg/ wkdw lv/
hyhq li lw lv dvvxphg frqvwdqw1 Rq wkh rwkhu kdqg/ lw lv qrw srvvleoh wr hvwlpdwh wkh
sdudphwhuv ri wkh frqglwlrqdo yduldqfh frqvlvwhqwo| li wkh frqglwlrqdo phdq lv plv0
vshflhg1 Wkh vshflfdwlrq ri wkh VWDU0VWJDUFK prgho frqvlvwv ri wkh iroorzlqj
vwdjhv=
41 Whvw olqhdulw| ri frqglwlrqdo phdq dqg/ li uhmhfwhg/ fkrrvh g dqg q1
51 Hvwlpdwh wkh sdudphwhuv ri wkh frqglwlrqdo phdq dvvxplqj wkdw wkh frqgl0
wlrqdo yduldqfh uhpdlqv frqvwdqw dqg whvw wkh qxoo k|srwkhvlv ri qr olqhdu
DUFK djdlqvw DUFK ri d jlyhq rughu1 Li wkh k|srwkhvlv ri qr DUFK lv uh0
mhfwhg/ whqwdwlyho| dvvxph wkdw wkh frqglwlrqdo yduldqfh iroorzv d orz0rughu
vwdqgdug JDUFK surfhvv1
61 Hvwlpdwh wkh sdudphwhuv ri wkh VWDU0JDUFK prgho dqg whvw wkh dghtxdf| ri
8wkh VWDU +frqglwlrqdo phdq, dqg wkh JDUFK +frqglwlrqdo yduldqfh, vshfl0
fdwlrqv e| ydulrxv plvvshflfdwlrq whvwv1 Li uhmhfwhg/ vshfli| d VWDU0VWJDUFK
prgho1
71 Hvwlpdwh wkh sdudphwhuv ri wkh VWDU0VWJDUFK prgho dqg whvw wkh dg0
htxdf| ri erwk wkh frqglwlrqdo phdq dqg wkh frqglwlrqdo yduldqfh ri wkdw
vshflfdwlrq e| dssursuldwh plvvshflfdwlrq whvwv1
81 Li wkh prgho sdvvhv wkh whvwv whqwdwlyho| dffhsw lw1 Lq wkh rssrvlwh fdvh wu|
dqrwkhu vshflfdwlrq vhdufk ru fkrrvh dqrwkhu idplo| ri prghov1
Lw vkrxog eh qrwhg wkdw e| iroorzlqj wkh deryh prghoolqj vfkhph zh surfhhg
iurp uhvwulfwhg prghov wr pruh jhqhudo rqhv1 Wklv pd| eh vlpsohu wkdq wr vwduw
iurp wkh prvw jhqhudo prgho dqg judgxdoo| uhgxfh lwv vl}h/ exw wkhuh lv dovr d
vwdwlvwlfdo udwlrqdoh ehklqg wklv fkrlfh ri gluhfwlrq1 Li wkh frqglwlrqdo phdq lv olqhdu
wkhq qr VWDU vshflfdwlrq lv lghqwlhg1 Dv iru wkh frqglwlrqdo yduldqfh/ wkh vdph
lv wuxh iru dq| VWJDUFK vshflfdwlrq li wkh olqhdu JDUFK douhdg| lv d ydolg
sdudphwhul}dwlrq1 Wkh odfn ri lghqwlfdwlrq ohdgv wr odfn ri frqvlvwhqf| lq wkh
sdudphwhu hvwlpdwlrq/ zklfk/ lq wxuq/ lv olnho| wr fuhdwh qxphulfdo gl!fxowlhv lq
hvwlpdwlrq1 Vhh Kdqvhq +4<<9, iru d uhfhqw glvfxvvlrq ri wklv sureohp1 Wr dyrlg
hvwlpdwlqj xqlghqwlhg prghov zh kdyh wr surfhhg iurp vshflf wr jhqhudo1 Lq wkh
iroorzlqj zh frqvlghu wkh vshflfdwlrq vwdjhv lq ghwdlo1
6141 Whvwlqj olqhdulw| ri wkh frqglwlrqdo phdq
Zh ehjlq wkh prghoolqj f|foh zlwk wkh vshflfdwlrq ri wkh frqglwlrqdo phdq1 Lq
r u g h uw rf d u u |r x ww k ho l q h d u l w |w h v w vz hk d y hw rg h w h u p l q hw k hp d { l p x po d j /p /r i
wkh olqhdu DU prgho1
Iroorzlqj Whuçvyluwd +4<<7,/ olqhdulw| djdlqvw d orjlvwlf VWDU prgho ri rughu q
lv whvwhg zlwk dq OP0w|sh whvw/ zkhuh wkh qxoo k|srwkhvlv lv d olqhdu DU prgho dqg
wkh dowhuqdwlyh dq OVWDU+q, prgho1 Wkh qxoo k|srwkhvlv lv  @3 1 Dv phqwlrqhg
deryh/ ixqfwlrq i+zw>, lv qrw lghqwlhg xqghu wkh qxoo k|srwkhvlv1 Wr flufxpyhqw
wklv sureohp/ +517, lv Wd|oru0h{sdqghg durxqg  @3 1V h w w l q j v w@ | w ￿ glq +517,/
dvvxplqj g  p zlwkrxw orvv ri jhqhudolw|/ ohdgv wr
|w @ 3
3zw . 3




w￿g . U4+zw>,.x w +614,
zkhuh h zw @+ | w ￿ 4 >===>|w￿p,3/ l lv d ixqfwlrq ri  vxfk wkdw l @ 3>l@4 >===>q/
zkhq  @3dqg U4+zw>, lv wkh uhpdlqghu1 Wkh qhz qxoo k|srwkhvlv wkxv lv
9K3 = l @ 3>l@4 >===>q1 Qrwh wkdw xqghu K3/ U4+zw>,  3 vr wkh uhpdlqghu grhv
qrw dhfw wkh glvwulexwlrq wkhru| zkhq wkh whvw lv edvhg rq wkh OP0sulqflsoh1 Zkhq
wkh frqglwlrqdo yduldqfh lv frqvwdqw wkh OP0w|sh vwdwlvwlf zlwk dq dv|pswrwlf "5
glvwulexwlrq +zh dvvxph wkdw wkh qhfhvvdu| prphqwv h{lvw, xqghu wkh qxoo k|srwkh0
vlv/ fdq eh frpsxwhg e| wzr dx{loldu| uhjuhvvlrqv1 Wkh I0yhuvlrq ri wkh whvw lv riwhq
uhfrpphqghg dv lw kdv ehwwhu vpdoo vdpsoh surshuwlhv wkdq wkh "50yhuvlrq> vhh/ iru
h{dpsoh/ Judqjhu dqg Whuçvyluwd +4<<6/ s1 99,1 Wkh vdpsoh vl}hv lq wkh dqdo|vlv ri
kljk0iuhtxhqf| vhulhv duh xvxdoo| vr odujh/ krzhyhu/ wkdw lq wkh suhvhqw frqwh{w wklv
uhfrpphqgdwlrq kdv qr sudfwlfdo ydoxh1 Erwk whvwv pd| eh fduulhg rxw lq vwdjhv dv
iroorzv1
41 Uhjuhvv |w rq zw dqg frpsxwh wkh vxp ri vtxduhg uhvlgxdov/ VVU31
51 Uhjuhvv |w rq zw> h zw|w￿g> h zw|5
w￿g>===> h zw|q
w￿g dqg frpsxwh wkh vxp ri vtxduhg
uhvlgxdov/ VVU41
61 Frpsxwh wkh I0yhuvlrq ri wkh whvw vwdwlvwlf I @
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Wklv olqhdulw| whvw dvvxphv frqvwdqw frqglwlrqdo yduldqfh/ dqg lv wkhuhiruh qrw
urexvw djdlqvw frqglwlrqdo khwhurvnhgdvwlflw|1 Li K3 fdqqrw eh uhmhfwhg wkhq wkh
frqfoxvlrq lv wkdw wkh frqglwlrqdo phdq lv olqhdu1 Wkh sureohp dulvhv zkhq K3 lv
uhmhfwhg ehfdxvh wkhq zh gr qrw lq sulqflsoh nqrz li wkdw lv ehfdxvh ri qrqolqhdulw|
lq wkh frqglwlrqdo phdq ru ehfdxvh ri frqglwlrqdo khwhurvnhgdvwlflw|1 Krzhyhu/ zkhq
wkh khwhurvnhgdvwlflw| lv ri JDUFK w|sh/ wkh vl}h ri wkh whvw pd| lq vrph fdvhv
eh dhfwhg1 Wklv zrxog vxjjhvw xvlqj d urexvw yhuvlrq ri wkh olqhdulw| whvw vxfk dv
wkh rqh lq Judqjhu dqg Whuçvyluwd +4<<6/ s1 9<,1 Zh frqvlghu wklv srvvlelolw| e|
d vpdoo vlpxodwlrq vwxg| zkrvh uhvxowv fdq eh irxqg lq Dsshqgl{ D1 Wkh uhvxowv
gr vkrz vrph vl}h glvwruwlrq lq vlwxdwlrqv zkhuh wkh JDUFK0w|sh huuru surfhvv
kdv idw wdlov/ l1h1/ wkh nxuwrvlv lv kljk1 Rq wkh rwkhu kdqg/ wkh srzhu vlpxodwlrqv
lqglfdwh wkdw lq wkrvh fdvhv wkh urexvwlfdwlrq pd| uhpryh prvw ri wkh srzhu/ vr
wkdw h{lvwlqj qrqolqhdulw| pd| uhpdlq xqghwhfwhg e| d urexvwlhg olqhdulw| whvw1 Dv
rxu remhfwlyh lv wr qg dqg prgho dq| h{lvwlqj qrqolqhdulw| dovr lq wkh frqglwlrqdo
phdq/ urexvwlfdwlrq wkhuhiruh fdqqrw eh uhfrpphqghg1 Zh h{shfw wr glvfryhu idovh
uhmhfwlrqv ri wkh qxoo k|srwkhvlv ri olqhdulw|/ gxh wr khwhurvnhgdvwlflw| ri JDUFK
w|sh/ dw wkh hydoxdwlrq vwdjh ri prgho exloglqj1
Lq rughu wr fduu| rxw wkh olqhdulw| whvw+v, zh kdyh wr ghwhuplqh wkh rughu ri
wkh olqhdu vwdwlrqdu| DU prgho uhsuhvhqwlqj wkh frqglwlrqdo phdq xqghu wkh qxoo
:k|srwkhvlv1 Whuçvyluwd +4<<7, vxjjhvwhg wkdw wkh rughu frxog eh ghwhuplqhg e| dq
rughu vhohfwlrq fulwhulrq vxfk dv wkh DLF/ vhh Dndlnh +4<:7,1 Wkh sureohp lv wkdw iru
kljk0iuhtxhqf| hfrqrplf vhulhv wkh xvxdo rughu vhohfwlrq fulwhulrq zrxog w|slfdoo|
vhohfw d prgho zlwk qr odjv ehfdxvh wkhuh lv qrupdoo| olwwoh ru qr olqhdu ghshqghqfh
lq wkh vhulhv1 Wr dyrlg wkh sureohp wkh pd{lpxp odj +p  9 lv xvhg iru gdlo|
revhuydwlrqv, lv {hg lq dgydqfh1 Li wkh qxoo k|srwkhvlv lv qrw uhmhfwhg zh dvvxph
wkdw wkh frqglwlrqdo phdq lv olqhdu1
6151 Vshflfdwlrq dqg hvwlpdwlrq ri wkh frqglwlrqdo phdq prgho dqg whvw0
lqj iru DUFK
Wkh vshflfdwlrq ri wkh VWDU prgho iru wkh frqglwlrqdo phdq lv fduulhg rxw dv
iroorzv1 Iluvw/ wkh olqhdulw| whvw deryh lv xvhg wr vhohfw wkh ghod| sdudphwhu/ g1W k l v
lv iroorzhg e| fkrrvlqj q/ wkdw lv/ vhohfwlqj wkh w|sh ri wkh VWDU+q,p r g h o 1D i w h u
wkdw/ wkh hvwlpdwhg prgho lv whvwhg iru DUFK lq wkh huuru surfhvv1
Wkh olqhdulw| whvw +614, lv frpsxwhg iru glhuhqw ydoxhv ri g/ dqg wkh rqh iru
zklfk wkh qxoo k|srwkhvlv/  @3 / kdv wkh vpdoohvw s0ydoxh lv vhohfwhg/ vhh Whuçvyluwd
+4<<7,1 Wklv uhtxluhv wkh vpdoohvw s0ydoxh wr eh orzhu wkdq d suh0ghwhuplqhg ydoxh
fkrvhq e| wkh uhvhdufkhu1 Diwhu {lqj wkh ghod| sdudphwhu wkh rughu/ q 9 5/r iw k h
OVWDU prgho lv vhohfwhg1 Zh fdq fkrrvh ehwzhhq wkh OVWDU+4,d q gw k hO V W D U + 5 ,
prgho e| whvwlqj d vhtxhqfh ri qhvwhg k|srwkhvhv1 Wkh vhtxhqfh lv ghqhg zlwklq
+614, dvvxplqj q @6 =
K 37 = 3
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K 36 = 3
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Li K36 lv prvw vwurqjo| uhmhfwhg wkh OVWDU+5, prgho lv vhohfwhg1 Lq wkh rwkhu wzr
fdvhv wkh fkrlfh lv wkh OVWDU+4, prgho> iru wkh udwlrqdoh ri wklv uxoh/ vhh Whuçvyluwd
+4<<7,1 Wklv vhohfwlrq uxoh lv qrw edodqfhg dv lw vrphwlphv kdv d whqghqf| wr idyrxu
wkh OVWDU+4, prgho1 Lq sudfwlfh wklv kdsshqv zkhq wkh wuxh prgho lv OVWDU+5,
dqg wkhuh duh qr +ru yhu| ihz, revhuydwlrqv lq rqh ri wkh wdlov ri wkh wudqvlwlrq ixqf0
wlrq1 Lq vxfk fdvhv/ wkh OVWDU+4, prgho lv d jrrg dssur{lpdwlrq wr wkh OVWDU+5,
prgho lq wkh uhohydqw vxevhw ri wkh vdpsoh vsdfh vr wkdw dq huurqhrxv fkrlfh kdv
olwwoh sudfwlfdo vljqlfdqfh1 Hvfuledqr dqg Mrugä +4<<9, uhfhqwo| suhvhqwhg d uxoh
wkdw sxusruwv wr uhphg| wklv sureohp/ dqg lw frxog eh dssolhg khuh1
Wkh lghd ri wkhvh vhohfwlrq uxohv kdv ehhq wr dyrlg hvwlpdwlqj d srvvleo| odujh
qxpehu ri qrqolqhdu prghov/ exw zlwk wkh vwhdg| lqfuhdvh lq frpsxwdwlrqdo srzhu dq
dyhudjh prghoohu kdv dw klv2khu glvsrvdo wklv vwhs lv qr orqjhu fuxfldo1 Li qrqolqhdu
;hvwlpdwlrq lv qrw frqvlghuhg d wlph0frqvxplqj wdvn rqh pd| vlpso| hvwlpdwh dq
OVWDU+q,p r g h oi r uq@4 > 5 >dqg pdnh wkh fkrlfh ehwzhhq wkh OVWDU+4, dqg
OVWDU+5, idplolhv dw wkh hydoxdwlrq vwdjh1 Wklv fdq eh grqh e| frqvlghulqj wkh
hvwlpdwlrq uhvxowv wkhpvhoyhv dqg wkh uhvxowv ri wkh plvvshflfdwlrq whvwv wr eh
glvfxvvhg lq Vhfwlrq 7141 Wkh orjlvwlf sduw +516, ri i +zw>, vkrxog dovr eh h{dplqhg
zkhq ghwhuplqlqj q1 Li dq hohphqw lq wkh hvwlpdwhg orfdwlrq yhfwru f @+ f 4>f 5, 3 ri
wkh OVWDU+5, prgho lq sudfwlfh grhv qrw dhfw wkh ydoxhv ri i +zw>, lq wkh vdpsoh
wkhq q pd| eh uhgxfhg iurp wzr wr rqh1
Wkh hvwlpdwlrq ri wkh sdudphwhuv ri wkh VWDU prgho lv fduulhg rxw e| pd{l0
pxp olnholkrrg1 Rxu dojrulwkp dovr fkhfnv li wkh vl}h ri wkh prgho fdq eh uhgxfhg1
Wkh dxwruhjuhvvlyh sdudphwhuv zkrvh hvwlpdwhv duh lqvljqlfdqw dffruglqj wr d suh0
ghwhuplqhg ohyho duh uhpryhg xvlqj d edfnzdug holplqdwlrq dojrulwkp1 Lq sudfwlfh
wklv lv grqh e| uhshwlwlyho| uhprylqj wkh sdudphwhu fruuhvsrqglqj wr wkh ohdvw vlj0
qlfdqw +li qrqvljqlfdqw, sdudphwhu hvwlpdwh dqg uhhvwlpdwlqj wkh uhgxfhg prgho1
Wklv dojrulwkp dovr frqvlghuv uhvwulfwlrqv ri wkh irup *l @ !m zklfk duh h{foxvlrq
uhvwulfwlrqv frpsdudeoh wr *l @3 1 Wkh| doorz dq dxwruhjuhvvlyh sdudphwhu wr eh
fdqfhoohg rxw vprrwko| lq wkh wudqvlwlrq ehwzhhq wkh wzr uhjlphv1 Wkh edfnzdug
holplqdwlrq whuplqdwhv zkhq doo wkh uhpdlqlqj dxwruhjuhvvlyh sdudphwhu hvwlpdwhv
duh vljqlfdqw1
Wkh dvvxpswlrq wkdw wkh huuru vhtxhqfh ixwj lq +514, kdv d frqvwdqw frqglwlrqdo
yduldqfh lv qrupdoo| qrw uhdolvwlf zkhq prghoolqj kljk0iuhtxhqf| qdqfldo vhulhv
dqg kdv wr eh whvwhg1 Zh uvw whvw lw djdlqvw wkh dowhuqdwlyh wkdw ixwj iroorzv dq
DUFK+v, surfhvv1 Dv d JDUFK+s>t, prgho fdq eh dghtxdwho| dssur{lpdwhg e|
d orqj DUFK vshflfdwlrq zh fkrrvh d odujh v + ;,i r uw k hd o w h u q d w l y h 1 H q j o h
+4<;5, vxjjhvwhg dq OP0whvw zklfk lv xvhg khuh1 Wkh dv|pswrwlfdoo| htxlydohqw whvw
ri PfOhrg dqg Ol +4<;6, lv dqrwkhu srvvlelolw|1 Li wkh qxoo k|srwkhvlv lv qrw uhmhfwhg
dqg wkh hvwlpdwhg frqglwlrqdo phdq prgho sdvvhv wkh dssursuldwh hydoxdwlrq whvwv
wkh prghoolqj vhtxhqfh whuplqdwhv1 Rq wkh rwkhu kdqg/ li wkh qxoo lv uhmhfwhg/ dv zh
jhqhudoo| h{shfw zkhq ghdolqj zlwk kljk0iuhtxhqf| hfrqrplf vhulhv/ zh frqwlqxh e|
dvvxplqj wkdw wkh frqglwlrqdo yduldqfh iroorzv d orz0rughu JDUFK surfhvv1
6161 Hvwlpdwlrq ri wkh VWDU0JDUFK prgho
Li wkh frqglwlrqdo yduldqfh lv qrw frqvwdqw wkh qh{w vwhs lv wr w d VWDU0JDUFK
prgho wr wkh gdwd1 Wkh xvxdo zd| ri rewdlqlqj wkh hvwlpdwhv iru wkh frqglwlrqdo
phdq dqg wkh frqglwlrqdo yduldqfh zkhq wkh odwwhu kdv d vwdqgdug JDUFK uhsuh0
vhqwdwlrq lv wr pdnh xvh ri wkh eorfn0gldjrqdolw| ri wkh lqirupdwlrq pdwul{1 Wkh
<frqglwlrqdo phdq prgho lv hvwlpdwhg uvw1 Wklv lv iroorzhg e| wkh hvwlpdwlrq ri
wkh frqglwlrqdo yduldqfh prgho xvlqj wkh uhvlgxdov iurp hvwlpdwlqj wkh frqglwlrqdo
phdq1 Wklv surfhgxuh |lhogv frqvlvwhqw hvwlpdwhv/ exw lq wklv sdshu doo sdudphwhuv
duh xowlpdwho| hvwlpdwhg vlpxowdqhrxvo|1 Rqh dgydqwdjh zlwk vlpxowdqhrxv hvwl0
pdwlrq lv wkdw lw pd| ohdg wr pruh sduvlprqlrxv prghov/ dw ohdvw li wkh vhulhv duh
qrw yhu| orqj1 Wkh wzr0vwhs hvwlpdwlrq kdv d whqghqf| wr |lhog ryhu0sdudphwhul}hg
prghov ehfdxvh vrph hhfwv gxh wr wkh qrqfrqvwdqw frqglwlrqdo yduldqfh pd| dw
uvw eh fdswxuhg e| wkh hvwlpdwhg frqglwlrqdo phdq1 Wkh dxwruhjuhvvlyh sdudph0
whuv wxuqlqj rxw wr eh uhgxqgdqw duh holplqdwhg gxulqj mrlqw hvwlpdwlrq e| dsso|lqj
wkh suhylrxv edfnzdug holplqdwlrq dojrulwkp1 Wkh hvwlpdwlrq lv fduulhg rxw xvlqj
dqdo|wlfdo vhfrqg ghulydwlyhv zklfk jlyhv qxphulfdoo| uholdeoh hvwlpdwhv iru wkh lq0
irupdwlrq pdwul{1 Wklv lv qhhghg dw wkh hydoxdwlrq vwdjh zkhq wkh hvwlpdwhg prgho
lv whvwhg iru plvvshflfdwlrq1
Krzhyhu/ wkh wzr0vwhs hvwlpdwlrq lv xvhixo iru rewdlqlqj lqlwldo ydoxhv iru wkh
mrlqw hvwlpdwlrq1 Zh surfhhg dv iroorzv1 Iluvw hvwlpdwh wkh VWDU prgho iru wkh
frqglwlrqdo phdq dqg wkhq hvwlpdwh d JDUFK+4>4, prgho iru wkh uhvlgxdov1 Dv d
uvw0rughu JDUFK prgho kdv yhu| riwhq ehhq irxqg wr eh dghtxdwh lq sudfwlfh/ lw
lv rqo| h{sdqghg li qhfhvvdu|1 Wkh ghflvlrq wr gr wkdw lv edvhg rq d plvvshflfd0
wlrq whvw ri wkh ixqfwlrqdo irup zklfk wrjhwkhu zlwk rwkhu hydoxdwlrq surfhgxuhv lv
glvfxvvhg lq Vhfwlrq 71 Wr hqirufh wkh frqglwlrqdo yduldqfh jhqhudwhg e| dq| kljkhu0
rughu JDUFK prgho wr eh qrqqhjdwlyh/ wkh frqvwudlqwv lq Qhovrq dqg Fdr +4<<5,
iru sdudphwhuv ri vxfk prghov duh lpsrvhg1 Wkh ydolglw| ri uhvwulfwlrqv frqvwudlqlqj
olqhdu frpelqdwlrqv ri hvwlpdwhg sdudphwhuv lv yhulhg diwhu wkh hvwlpdwlrq1
6171 Vshflfdwlrq dqg hvwlpdwlrq ri wkh VWDU0VWJDUFK prgho
Wkh VWDU0JDUFK prgho kdv wr eh vxemhfwhg wr plvvshflfdwlrq whvwv1 Zh srvw0
srqh wkh glvfxvvlrq ri vxfk whvwv wr Vhfwlrq 71 Dw wklv vwdjh zh dvvxph wkdw wkh
olqhdu JDUFK vshflfdwlrq lv uhmhfwhg lq idyrxu ri VWJDUFK dqg surfhhg wr glv0
fxvv VWDU0VWJDUFK prghov1 Zh kdyh wr frqvlghu vshflfdwlrq/ hvwlpdwlrq dqg
hydoxdwlrq ri wkhvh prghov dqg ehjlq e| vshflfdwlrq1
Iru wkh vprrwk wudqvlwlrq w|sh dowhuqdwlyh +518, wkh sureohp ri vhohfwlqj wkh
wudqvlwlrq yduldeoh lv qrw suhvhqw1 Zh rqo| kdyh wr vhohfw wkh rughu/ q￿ 9 5/r iw k h
orjlvwlf sduw lq +518,1 Rqh zd| ri grlqj wkdw lv wr dsso| d ghflvlrq uxoh vlplodu wr
wkdw vxjjhvwhg iru wkh VWDU prgho1 Exw wkhq/ rqh pd| lqvwhdg vlpso| hvwlpdwh
wkh VWJDUFK+q￿,p r g h oi r uq ￿@4 > 5dqg pdnh wkh fkrlfh rq wkh edvlv ri wkh
uhvxowv/ lqfoxglqj wkh uhvxowv ri wkh plvvshflfdwlrq whvwv lq Vhfwlrq 71 Wkh orjlvwlf
43ixqfwlrq lq j+}w>, vkrxog dovr eh h{dplqhg zkhq ghwhuplqlqj q￿1 Li dq hohphqw lq
wkh hvwlpdwhg orfdwlrq yhfwru n @+ n 4>n 5, 3 ri wkh VWJDUFK+5, prgho lq sudfwlfh
grhv qrw dhfw wkh ydoxhv ri j+}w>, l qw k hv d p s o hw k h qq ￿pd| eh uhgxfhg iurp wzr
wr rqh1 Ixuwkhupruh/ wkh vdph w|sh ri h{foxvlrq uhvwulfwlrqv wkdw zhuh frqvlghuhg
iru wkh VWDU prgho duh uhohydqw iru wkh VWJDUFK prgho1
Zkhq hvwlpdwlqj VWDU0VWJDUFK prghov lw lv qrw fhuwdlq wkdw wkh frqglwlrqdo
yduldqfh lv v|pphwulf zlwk uhvshfw wr wkh huuru whupv +prvw riwhq lw lv qrw, dqg wkhuh0
iruh wkh dvvxpswlrq ri eorfn gldjrqdolw| ri wkh lqirupdwlrq pdwul{ pd| qrw krog1
Wklv lpsolhv wkdw wkh wzr0vwdjh hvwlpdwlrq dojrulwkp grhv qrw |lhog dv|pswrwlfdoo|
h!flhqw hvwlpdwhv1 Zh pdlqwdlq rxu suhylrxv vwudwhj| dqg xowlpdwho| hvwlpdwh wkh
frqglwlrqdo phdq dqg wkh frqglwlrqdo yduldqfh mrlqwo|1
71 Prgho hydoxdwlrq
Dv glvfxvvhg deryh/ wkh ydolglw| ri wkh dvvxpswlrqv xvhg lq wkh hvwlpdwlrq ri sd0
udphwhuv pxvw eh lqyhvwljdwhg rqfh wkh sdudphwhuv ri wkh VWDU0VWJDUFK prgho
+ru d vxeprgho, kdv ehhq hvwlpdwhg1 Wkhvh dvvxpswlrqv lqfoxgh=
41 Wkh huuruv dqg wkh vtxduhg +dqg vwdqgdugl}hg, huuruv ri wkh prgho duh qrw
vhuldoo| fruuhodwhg1
51 Wkh sdudphwhuv ri wkh prgho duh frqvwdqw1
61 Wkh vtxduhg +dqg vwdqgdugl}hg, huuruv ri wkh prgho duh lqghshqghqw dqg
lghqwlfdoo| glvwulexwhg1
Wkhvh dvvxpswlrqv duh whvwdeoh1 Ixuwkhupruh/ lw lv xvhixo wr qg rxw zkhwkhu ru
qrw wkhuh duh dq| qrqolqhdulwlhv ohiw lq wkh surfhvv diwhu wwlqj d VWDU0VWJDUFK
prgho wr wkh vhulhv xqghu frqvlghudwlrq1 Lq wklv sdshu wkdw srvvlelolw| lv lqyhvwljdwhg
e| whvwlqj wkh k|srwkhvlv ri qr dgglwlyh qrqolqhdulw| djdlqvw wklv w|sh ri qrqolqhdulw|1
Dv iru wkh wkuhh whvwdeoh dvvxpswlrqv/ wkh uvw wzr pd| eh whvwhg iroorzlqj
Hlwukhlp dqg Whuçvyluwd +4<<9,1 Wkhvh dxwkruv kdyh dovr vxjjhvwhg d whvw ri qr
dgglwlyh qrqolqhdulw| iru wkh frqglwlrqdo phdq1 Zh rqo| kdyh wr jhqhudol}h wkhvh
whvwv wr wkh fdvh zkhuh wkh frqglwlrqdo yduldqfh iroorzv d VWJDUFK surfhvv1 Dv wr
wkh lqghshqghqfh k|srwkhvlv/ wkh EGV whvw/ vhh Eurfn/ Ghfkhuw/ Vfkhlqnpdq dqg
OhEdurq +4<<9,/ lv dssolfdeoh li wkh qxpehu ri revhuydwlrqv lv vx!flhqwo| odujh1
447141 Plvvshflfdwlrq whvwv
714141 Jhqhudo
Wklv vhfwlrq iroorzv Hlwukhlp dqg Whuçvyluwd +4<<9, dqg wkh frpsdqlrq sdshu Oxqg0
ehujk dqg Whuçvyluwd +4<<;,1 Frqvlghu wkh hvwlpdwhg dgglwlyh VWDU0JDUFK prgho
dv ghqhg lq +514, dqg +515,1 Dq dgglwlyh h{whqvlrq ri wkh prgho pd| eh zulwwhq dv
|w @ D+zw>d,.* 3z w.i+ z w>,.x w
x w @ % w
s
 3} w.j+ } w>,.E+ } w> e, +714,
zkhuh i+zw>, dqg j+}w>, duh ghqhg lq +517, uhvshfwlyho| +518, dqg i%wj lv d
vhtxhqfh ri lqghshqghqw vwdqgdug qrupdo yduldeohv1 Prgho +714, irupv d xqli|lqj
iudphzrun iru rxu whvwv1 Vhw $ @+ * 3>
3> 3>
3, 3zklfk frpsulvhv doo wkh sdudphwhuv
ri wkh prgho1 Ixqfwlrqv D+zw>d, dqg E+}w>e, duh dvvxphg wzlfh frqwlqxrxvo|
glhuhqwldeoh iru doo d dqg e hyhu|zkhuh lq wkh fruuhvsrqglqj vdpsoh vsdfhv1 Iru
qrwdwlrqdo vlpsolflw| dqg zlwkrxw orvv ri jhqhudolw| zh dvvxph D+zw>d,  3 iru
d@ 3 dqg E+}w>e,  3 iru e@ 31 Whvwv iru ydulrxv w|shv ri plvvshflfdwlrq
duh rewdlqhg e| glhuhqw sdudphwhul}dwlrqv ri D dqg E1 L wl vd v v x p h gw k d ww k h
pd{lpxp olnholkrrg hvwlpdwru ri $ lv frqvlvwhqw dqg dv|pswrwlf qrupdo xqghu dq|
qxoo k|srwkhvlv wr eh frqvlghuhg/ zklfk lpsolhv wkdw i|wj vdwlvhv wkh uhjxodulw|
frqglwlrqv iru vwdwlrqdu| dqg hujrglflw|1 Dovr/ wkh qhfhvvdu| prphqwv qhhghg iru
ixwj wkdw duh uhtxluhg iru wkh dv|pswrwlf glvwulexwlrq wkhru| wr zrun duh dvvxphg
wr h{lvw1 Wkh qxoo k|srwkhvlv ri qr dgglwlrqdo vwuxfwxuh lv K3 = d@ 3 dqg e@ 31




































zkhuh e L lv d frqvlvwhqw hvwlpdwru ri wkh lqirupdwlrq pdwul{ xqghu wkh qxoo k|srwk0
hvlv1 Zh xvh wkh hvwlpdwhg qhjdwlyh h{shfwdwlrq ri wkh Khvvldq dv rxu hvwlpd0
wru wkh lqirupdwlrq pdwul{1 Wkh sduwldo ghulydwlyhv iruplqj wkh Khvvldq pd| eh
irxqg lq Dsshqgl{ E1 Wkh whvw vwdwlvwlf +715, lv dv|pswrwlfdoo| "50 glvwulexwhg zlwk
glp+d,.glp+e, ghjuhhv ri iuhhgrp xqghu wkh qxoo k|srwkhvlv1 Li wkh lqirupdwlrq
pdwul{ lv eorfn0gldjrqdo wkh whvw vwdwlvwlf pd| eh frpsxwhg vlpso| e| wzr duwlfldo
uhjuhvvlrqv> vhh Oxqgehujk dqg Whuçvyluwd +4<<;,1 Wklv dssurdfk grhv qrw dozd|v
dsso| wr wkh VWDU0VWJDUFK prgho/ ehfdxvh wkh JDUFK frpsrqhqw pd| eh
45dv|pphwulf1 Qrwh wkdw e| ohwwlqj hlwkhu D+zw>d, ru E+}w>e, wr eh lghqwlfdoo|
htxdo wr }hur dovr xqghu wkh dowhuqdwlyh dprxqwv wr whvwlqj wkh frqglwlrqdo phdq
dqg wkh frqglwlrqdo yduldqfh vshflfdwlrqv vhsdudwho|1 Iurp wkh prghoohu*v srlqw ri
ylhz/ wklv lv riwhq wkh prvw sudfwlfdo dowhuqdwlyh1 Wkh deryh vwuxfwxuh pd| dovr eh
xvhg iru hydoxdwlqj vxeprghov zlwklq wkh VWDU0VWJDUFK sdudphwhul}dwlrq1 Iru
h{dpsoh/ e| vhwwlqj j+}w>,  3 lq +714, zh fdq/ dprqj rwkhu wklqjv/ whvw d VWDU0
JDUFK vshflfdwlrq djdlqvw d VWDU0VWJDUFK prgho qhvwlqj wkh iruphu1
714151 Whvw djdlqvw vhuldo ghshqghqfh
Wr whvw wkh mrlqw qxoo k|srwkhvlv ri qr vhuldo ghshqghqfh lq hlwkhu wkh frqglwlrqdo
phdq ru lq wkh frqglwlrqdo yduldqfh ru lq erwk/ wkh dowhuqdwlyh lv vwdwhg dv uh0
pdlqlqj vhuldo ghshqghqfh ri rughu s lq wkh ruglqdu| huuru surfhvv dqg ri rughu
s￿ lq wkh vtxduhg +dqg vwdqgdugl}hg, huuruv1 Lq wkh jhqhudo fdvh/ wklv jlyhv wkh
h{whqghg prgho +714, zlwk D+zw>d,@ 3
dy wdqg E+zw>e,@ 3
ey ￿
w zkhuh d @
+d>4>===>d>s,3/ yw @+ x w ￿ 4>===>xw￿s,3/ e @+  e>4>===>e>s￿,3/d q gy ￿
w @+ k w ￿ 4>===>kw￿s￿,31
Wkh qxoo k|srwkhvlv ri qr uhpdlqlqj vhuldo ghshqghqfh lq qhlwkhu wkh frqglwlrqdo
phdq qru lq wkh frqglwlrqdo yduldqfh lv htxlydohqw wr d @ 3 dqg e @ 31 Xqghu wkh
qxoo k|srwkhvlv dqg dvvxplqj wkdw wkh qhfhvvdu| prphqwv h{lwv/ wkh OP0vwdwlvwlf
+ 7 1 5 ,l vd v | p s w r w l f d o o |" 50 glvwulexwhg zlwk glp+d,.glp+e, ghjuhhv ri iuhhgrp1
Wkh ghwdlov ri dq OP0whvw ri wklv k|srwkhvlv iru wkh vtxduhg vwdqgdugl}hg huuruv duh
jlyhq lq Oxqgehujk dqg Whuçvyluwd +4<<;,1
714161 Whvw djdlqvw qrqfrqvwdqw sdudphwhuv
Zh dvvxph wkdw wkh dowhuqdwlyh wr frqvwdqw sdudphwhuv lq hlwkhu wkh frqglwlrqdo
phdq ru lq wkh frqglwlrqdo yduldqfh ru lq erwk lv wkdw wkh sdudphwhuv fkdqjh
vprrwko| ryhu wlph/ vhh Olq dqg Whuçvyluwd +4<<7, dqg Oxqgehujk dqg Whuçvyluwd
+4<<;,1 Wklv jlyhv ulvh wr wkh iroorzlqj prgho=
|w @ *+w,3zw . i+zw>+w,, . xw
xw @ %w
s
+w,3}w . j+}w>+w,, +716,
zkhuh +w,@+ ! + w , 3 >>f 3, 3 dqg +w,@+ # + w , 3 >>n 3, 31 Doo wlph0ydu|lqj sdudph0
whu yhfwruv duh dvvxphg wr kdyh wkh vdph vwuxfwxuh1 Iru lqvwdqfh/ *+w,@* ￿.
 *K q *+ w >  *> f *,zkhuh wkh wudqvlwlrq ixqfwlrq Kq* +w>*>f*, lv d orjlvwlf ixqfwlrq
ri rughu q* ghqhg lq +516, zlwk vw  w1L i  *$4zkloh q* @4 / ixqfwlrq
K4+w>*>f*, ehfrphv d vwhs ixqfwlrq dqg wkh dowhuqdwlyh wr sdudphwhu frqvwdqf| d
46vlqjoh vwuxfwxudo euhdn1 Wkh qxoo k|srwkhvlv ri sdudphwhu frqvwdqf| fdq eh vwdwhg
dv K3 = * @ ! @ ￿ @ # @3 1 Zh flufxpyhqw wkh lghqwlfdwlrq sureohp xqghu
wkh qxoo k|srwkhvlv dv ehiruh e| h{sdqglqj Kql+w>l>fl, lqwr d Wd|oru vhulhv durxqg
l @3 =D uhdolvwlf dvvxpswlrq lq d whvw vlwxdwlrq lv wr dvvxph wkdw q* @ q! @ o4 dqg
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w .U 5+ } w> e>$,
zkhuh wkh orjlvwlf wudqvlwlrq ixqfwlrqv iru wkh VWDU0JDUFK duh hvwlpdwhg zlwk
Kq+vw>e >e f, dqg Kq￿+vw>e >e n,1 Iru qrwdwlrqdo vlpsolflw| zh ghqrwh wkhvh ixqfwlrqv





















Wkh mrlqw qxoo k|srwkhvlv ri sdudphwhu frqvwdqf| erwk lq wkh frqglwlrqdo phdq
dqg yduldqfh frqvlvwv ri wkh uhvwulfwlrqv d @ 3 dqg e @ 3= Qrwh wkdw li wkh qxoo
k|srwkhvlv krogv/ y3
d>3 @ *3> y3
d>o4.4 @ !
3> y3
e>3 @ 3/ y3
e>o5.4 @ #
31 Ixuwkhupruh/
wkhq wkh wzr uhpdlqghu whupv U4+zw>d>$,  U5+}w>e>$,  3 vr wkdw wkh| gr
qrw dhfw wkh dv|pswrwlf glvwulexwlrq wkhru|1 Xqghu wkh qxoo k|srwkhvlv/ wkh OP0
vwdwlvwlf +715, lv dv|pswrwlfdoo| "50 glvwulexwhg zlwk glp+d,.g l p +  e,ghjuhhv ri
iuhhgrp1 Djdlq/ lw lv xvhixo wr whvw wkh frqvwdqf| ri wkh sdudphwhuv ri wkh frqglwlrqdo
phdq dqg wkh frqglwlrqdo yduldqfh vhsdudwho|1 Pruh ghwdlov derxw wkh whvw ri wkh
odwwhu k|srwkhvlv dqg lwv qlwh0vdpsoh surshuwlhv fdq eh irxqg lq Oxqgehujk dqg
Whuçvyluwd +4<<;,1 Wkhvh whvwv pd| dovr eh dssolhg wr d jlyhq vxevhw ri sdudphwhuv
e| dvvxplqj wkdw wkh uhpdlqlqj rqhv duh frqvwdqw hyhq xqghu wkh dowhuqdwlyh1 Wklv
riwhq khosv orfdwh wkh qrqfrqvwdqf| li lw h{lvwv1
714171 Whvw djdlqvw uhpdlqlqj qrqolqhdulw|
Dv zh duh vhdufklqj iru dq dghtxdwh qrqolqhdu vshflfdwlrq iru rxu wlph vhulhv lw lv ri
frqvlghudeoh lqwhuhvw wr wu| dqg fkhfn zkhwkhu ru qrw rxu hvwlpdwhg sdudphwul}dwlrq
dghtxdwho| fkdudfwhul}hv doo qrqolqhdulw| lq wkh vhulhv1 Wr nhhs wklqjv vlpsoh/ zh
irfxv rq wkh qxoo k|srwkhvlv ri qr uhpdlqlqj dgglwlyh qrqolqhdulw|1 Wkh dowhuqdwlyh
wr wklv qxoo k|srwkhvlv lv dvvxphg wr eh dq dgglwlyh vprrwk wudqvlwlrq frpsrqhqw
47ri wkh vdph w|sh dv ehiruh1 Wklv dowhuqdwlyh pd| eh zulwwhq dv
|w @ id+zw>d,.* 3z w.i+ z w>,.x w +717,
xw @ %w
s
3}w . j+}w>,.j e+ } w> e,
zkhuh wkh ixqfwlrqv id+zw>d, dqg je+}w>e, uhsuhvhqw dq| uhpdlqlqj qrqolqhdulw|










1 Wkh qxoo k|srwkhvlv ri qr uhpdlqlqj qrqolqhdulw| fdq eh
zulwwhq dv K3 = d @ e @3 1 Hyhq khuh/ ixqfwlrqv id+zw>d, dqg je+}w>e, duh
Wd|oru0h{sdqghg wr flufxpyhqw wkh lghqwlfdwlrq sureohp/ dqg zh dvvxph wkdw wkh
rughuv ri wkh vprrwk wudqvlwlrqv duh o4 dqg o5/ uhvshfwlyho|1 Wklv |lhogv/ diwhu uhsd0
udphwhul}dwlrq/ wkh wudqviruphg prgho
|w @ 3
dyw . *3zw . i+zw>,.U 6+ z w> d>$,.x w +718,
xw @ %w
s
3}w . j+}w>,. ey ￿
w .U 7+ } w> e>$, =
Prgho +718, lv d vshfldo fdvh ri prgho +714, zlwk D+zw>d,@ 3
d y wzkhuh
d @+ y 3
d>3>y3
d>4>===>y3






whupv +odjv, wkdw duh qrw lqfoxghg lq wkh hvwlpdwhg vprrwk wudqvlwlrq DU sduw
ri wkh prgho duh ghqrwhg e| zolq
w zkhuhdv zw @+ 4 > + z qf
w ,3,31 Zh dvvxph wkdw
wkh qrqolqhdulw| lq wkh frqglwlrqdo yduldqfh sduw lv ri vprrwk wudqvlwlrq w|sh dqg
wkhuhiruh jlyhq e| E+zw>e,@ 3
e y ￿








w￿t ,31 Wkh wzr uhpdlqghuv U6+zw>d>$,
dqg U7+}w>e>$, gr qrw dhfw wkh glvwulexwlrq wkhru| ehfdxvh erwk duh lghqwlfdoo|
htxdo wr }hur xqghu K31 Wkh qxoo k|srwkhvlv lv d @ 3 dqg e @ 3/ xqghu zklfk wkh
OP0vwdwlvwlf +715, lv dv|pswrwlfdoo| "50 glvwulexwhg zlwk glp+d,.glp+e,ghjuhhv
ri iuhhgrp1 Dv iru wkh frqglwlrqdo phdq wkh whvw vwdwlvwlf lv wkh vdph dv lq Hlwukhlp
dqg Whuçvyluwd +4<<9,1 Wkh fruuhvsrqglqj whvw iru wkh dghtxdf| ri wkh frqglwlrqdo
yduldqfh lv glvfxvvhg lq ghwdlo lq Oxqgehujk dqg Whuçvyluwd +4<<;,1
Li zh dvvxph je+}w>e,@i + z w> ,3lq +717, dqg rqo| whvw K3 = d @3wkhq
wkh whvw lv d olqhdulw| whvw iru wkh frqglwlrqdo phdq xqghu qrqfrqvwdqw JDUFK0
w|sh frqglwlrqdo yduldqfh1 Zrqj dqg Ol +4<<:, uhfhqwo| suhvhqwhg d olqhdulw| whvw
iru d uhodwhg vlwxdwlrq zkhuh wkh frqglwlrqdo phdq iroorzv d wkuhvkrog dxwruhjuhvvlyh
surfhvv xqghu wkh dowhuqdwlyh1
487151 Whvw ri lqghshqghqw/ lghqwlfdoo| glvwulexwhg glvwxuedqfhv
Wkh plvvshflfdwlrq whvwv ri wkh suhylrxv vhfwlrq duh whvwv djdlqvw d sdudphwulf do0
whuqdwlyh1 Wklv lv xvhixo lq prgho0exloglqj ehfdxvh d uhmhfwlrq ru d vhw ri uhmhfwlrqv
qrupdoo| frqwdlq lqirupdwlrq derxw wkh qdwxuh ri wkh plvvshflfdwlrq1 Qhyhuwkh0
ohvv/ zh pd| frpsohwh rxu vhw ri whvwv e| d jhqhudo whvw ri lqghshqghqfh ri wkh
+vwdqgdugl}hg, huuruv1 Wkh EGV vwdwlvwlf +Eurfn hw do1/ 4<<9,/ dsshduv d vxlwdeoh
odujh0vdpsoh whvw iru wklv sxusrvh1 Lw lv edvhg rq wkh pwk fruuhodwlrq lqwhjudo zklfk
uhsuhvhqwv wkh iudfwlrq ri doo srvvleoh sdluv ri p frqvhfxwlyh srlqwv ri wkh vhulhv wkdw
duh forvhu wkdq %A3wr hdfk rwkhu1 Forvhqhvv % lv ghqhg e| wkh Hxfolghdq qrup1
Ohw W ghqrwh wkh qxpehu ri revhuydwlrqv dqg Fp>W +%, wkh pwk fruuhodwlrq lqwhjudo1








zkhuh e p>W +%, lv dq hvwlpdwh ri wkh vwdqgdug ghyldwlrq xqghu wkh qxoo k|srwkhvlv1
Vwdwlvwlf +719, kdv dq dv|pswrwlf Q +3>4, glvwulexwlrq xqghu wklv k|srwkhvlv1 Iru
ghwdlov vhh Eurfn hw do1 +4<<9,1 Lq wklv sdshu/ zh kdyh xvhg wkh F0frgh ri OhEdurq
+4<<:, wr frpsxwh wkh ydoxhv ri wkh whvw vwdwlvwlf1
Wkh qxoo glvwulexwlrq ri wkh vwdwlvwlf ghshqgv rq wkh wzr qxlvdqfh sdudphwhuv/
p dqg %1 Lq wklv sdshu wkh EGV vwdwlvwlf lv frpsxwhg zlwk p @5dqg % lv fkrvhq
dv wkh vwdqgdug ghyldwlrq ri wkh uhvlgxdo vhulhv1 Wkhvh qxlvdqfh sdudphwhuv fdxvh
sureohpv lq vpdoo vdpsohv ehfdxvh wkhq wkh vl}h ri wkh whvw lv d ixqfwlrq ri wkhvh
wzr sdudphwhuv1 Lq rughu wr kdyh wkh vl}h ri wkh whvw xqghu frqwuro zh shuirup d
vlpsoh errwvwuds wr jhqhudwh dq hpslulfdo qxoo glvwulexwlrq ri wkh whvw vwdwlvwlf iru
wkh vhohfwhg frpelqdwlrq ri p dqg %= Dw wkh vdpsoh vl}hv + 4333, zh duh sulpdulo|
lqwhuhvwhg lq/ krzhyhu/ wklv suhfdxwlrq vhhpv qr orqjhu qhfhvvdu|1
81 Dssolfdwlrq wr wzr kljk iuhtxhqf| vhulhv
Dv dq looxvwudwlrq zh dsso| wkh VWDU0VWJDUFK prghoolqj vwudwhj| wr wzr vhulhv
frqvlvwlqj ri gdlo| revhuydwlrqv1 Wkh uvw vhulhv lv wkh Vzhglvk RP[ lqgh{ zklfk
frqvlvwv ri wkh ydoxhv ri wkh 63 prvw wudghg vwrfnv dw wkh Vwrfnkrop Vwrfn H{fkdqjh1
Wkh revhuydwlrq shulrg lv Ghfhpehu 63/ 4<;6 wr Vhswhpehu 63/ 4<<;/ zlwk d wrwdo
ri 69<6 revhuydwlrqv1 Wkh shulrg xqwlo Rfwrehu 7/ 4<<7/ lv xvhg iru hvwlpdwlqj wkh
prgho/ zkhuhdv wkh uhpdlqlqj shulrg ri 4333 revhuydwlrqv lv uhvhuyhg iru vwxg|lqj
wkh suhglfwlyh surshuwlhv ri wkh prgho1 Wkh vhfrqg vhulhv lv wkh h{fkdqjh udwh iru
49wkh Mdsdqhvh |hq +MS\, djdlqvw wkh XV groodu +XVG,1 Wkh revhuydwlrqv h{whqg iurp
Ghfhpehu 5;/ 4<:; wr Vhswhpehu 63/ 4<<:/ d wrwdo ri 7:89 revhuydwlrqv1 Wkh shulrg
xqwlo Ghfhpehu 64/ 4<<4/ lv wkh hvwlpdwlrq shulrg/ dqg wkh uhpdlqlqj shulrg ri
4793 revhuydwlrqv lv xvhg iru d vwxg| ri wkh suhglfwlyh surshuwlhv ri wkh hvwlpdwhg
VWDU0VWJDUFK prgho1
Erwk vhulhv duh wudqviruphg wr shufhqwdjh fkdqjhv lq frqwlqxrxvo| frpsrxqghg
udwhv1 Wklv lv grqh e| glhuhqflqj wkh orjdulwkpv ri wkh ruljlqdo vhulhv1 Sorwv ri
wkh forvlqj0elg dqg wkh shufhqwdjh fkdqjhv iru erwk vhulhv fdq eh irxqg lq Iljxuhv
F140F171
8141 Vzhglvk RP[ lqgh{
Li wkh huuruv ri d olqhdu prgho duh LLG/ wkhq wkh vnhzqhvv dqg ohswrnxuwrvlv pd|
eh gluhfwo| fkdudfwhul}hg e| d qrqv|pphwulf idw0wdlohg glvwulexwlrq> vhh iru lqvwdqfh
Plwwqln dqg Udfkhy +4<<6,1 Lq vxfk d fdvh wkhuh lv qr qhhg iru ixuwkhu prghoolqj1
Wr frqvlghu olqhdu ghshqghqfh lq wkh RP[ vhulhv/ zh vshflhg d olqhdu DU prgho1
Wklv DU prgho zdv dxjphqwhg e| zhhngd| dqg krolgd| gxpplhv wr dffrxqw iru
srvvleoh zhhngd| dqg krolgd| hhfwv1 Dq OP0whvw ri qr dxwrfruuhodwlrq ri rughu dw
prvw p/ Euhxvfk dqg Sdjdq +4<;3,/ zdv wkhq dssolhg wr wkh uhvlgxdov dqg wkhuh
zhuh qr hylghqfh ri uhpdlqlqj vhuldo ghshqghqfh1 Rq wkh rwkhu kdqg/ wkh huuruv
zhuh irxqg wr eh ohswrnxuwlf1 Fkdudfwhulvwlfv ri wkh huuruv ri wkh olqhdu prgho fdq
eh irxqg lq Wdeoh F141 Wkh EGV whvw dssolhg wr wkh uhvlgxdov iurp wkh olqhdu prgho
khdylo| uhmhfwhg wkh qxoo k|srwkhvlv ri LLG huuruv> vhh Wdeoh F141 Wklv uhmhfwlrq
lqglfdwhv wkdw wkhuh pd| eh vrph qrqolqhdu vwuxfwxuh wr eh prghoohg lq wkh RP[
lqgh{1
814141 Hvwlpdwlrq dqg hydoxdwlrq
Iroorzlqj wkh vshflfdwlrq vwudwhj| rxwolqhg deryh d olqhdulw| whvw/ dvvxplqj frq0
vwdqw frqglwlrqdo yduldqfh/ zdv shuiruphg zkhuh wkh pd{lpxp odj ri wkh olqhdu
dxwruhjuhvvlyh sduw zdv : dqg wkh dowhuqdwlyh dq OVWDU+6, prgho1 Wkh uhvxowv ri
wklv olqhdulw| whvw iru ghod| sdudphwhu ydoxhv 3 ?g8 / dsshdu lq Wdeoh F141 Wkh
whvwv vwurqjo| uhmhfwv olqhdulw|1 Wkh vwurqjhvw uhmhfwlrq rffxuv dw g @4 / zklfk lv wkh
ghod| zh vhohfw1 Wkh VWDU0VWJDUFK prgho zh frqvlghu kdv wkh iroorzlqj irup=
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zkhuh e +|, dqg e +x, duh wkh vdpsoh vwdqgdug ghyldwlrqv ri i|wj dqg ixwj pdnlqj
 dqg  vfdoh0iuhh1
Zh uvw hvwlpdwhg wkh VWDU0VWJDUFK prgho +34 @ 54 @3lq +815,, iru
wkh uhwxuqv dqg whvwhg lw djdlqvw wkh VWDU0VWJDUFK vshflfdwlrq1 Wkh uhvxowv lq
Wdeoh F18 vkrz wkdw wkh vwdqgdug JDUFK+4/4, prgho iru wkh frqglwlrqdo yduldqfh lv
lqdghtxdwh vr wkdw dq h{whqvlrq wr vprrwk wudqvlwlrq JDUFK zdv qhfhvvdu|1 Prgho
+815, zdv wkxv uh0hvwlpdwhg zlwkrxw wkh v|pphwu| uhvwulfwlrqv/ dqg wkh pd{lpxp
olnholkrrg hvwlpdwhv +vwdqgdug ghyldwlrqv lq sduhqwkhvhv, ri wkh sdudphwhuv edvhg
rq dqdo|wlfdo uvw dqg vhfrqg ghulydwlyhv duh uhsruwhg lq Wdeoh F151 D plvvlqj ydoxh
lq Wdeoh F15 phdqv wkdw wkh fruuhvsrqglqj sdudphwhu lq +814, ru +815, kdv ehhq vhw
wr }hur1
D ihz fkdudfwhulvwlf ihdwxuhv ri wkh vwdqgdugl}hg uhvlgxdov ri wkh hvwlpdwhg prgho
fdq eh irxqg lq Wdeoh F161 Wkh vwdqgdugl}hg uhvlgxdov duh ohvv ohswrnxuwlf wkdq wkh
ruljlqdo revhuydwlrqv1 Wkh uhvxowv ri wkh plvvshflfdwlrq whvwv iru wkh frqglwlrqdo
phdq ri wkh VWDU0VWJDUFK prgho fdq eh irxqg lq Wdeoh F171 Wkh qxoo k|0
srwkhvlv ri wkh OP0whvw ri qr uhpdlqlqj dxwrfruuhodwlrq fdqqrw eh uhmhfwhg dqg
wkh uhvxowv ri wkh sdudphwhu frqvwdqf| whvwv lqglfdwh wkdw sdudphwhuv duh frqvwdqw/
h{fhsw iru wkh gdlo| gxpplhv1 Wklv uhmhfwlrq kdv qrw ehhq iroorzhg xs/ krzhyhu1
Dv iru wkh OP0whvw ri qr dgglwlrqdo qrqolqhdulw| djdlqvw dgglwlrqdo qrqolqhdulw| ri
OVWDU+6, w|sh/ wkh k|srwkhvlv ri qr dgglwlrqdo qrqolqhdulw| fdqqrw eh uhmhfwhg1
Wklv lv uhpdundeoh jlyhq wkh yhu| orz s0ydoxhv ri wkh olqhdulw| whvwv1
Wkh uhvxowv ri wkh plvvshflfdwlrq whvwv iru wkh frqglwlrqdo yduldqfh ri wkh prgho
dsshdu lq Wdeoh F191 Wkh qxoo k|srwkhvlv qr uhpdlqlqj pxowlsolfdwlyh DUFK vwuxf0
wxuh/ zklfk lv dv|pswrwlfdoo| htxlydohqw wr wkh whvw ri Ol dqg Pdn +4<<7,/ lq wkh
vtxduhg dqg vwdqgdugl}hg huuruv fdqqrw eh uhmhfwhg1 Wkh whvw ri wkh ixqfwlrqdo irup
lqglfdwhv qr uhpdlqlqj vhuldo ghshqghqfh ri JDUFK w|sh1 Wkhuh lv vwloo vrph hyl0
ghqfh ri qrqolqhdulw| lq wkh frqglwlrqdo yduldqfh/ vhh Wdeoh F19/ exw lw lv qrz yhu|
zhdn frpsduhg wr wkh suhylrxv uhvxowv lq Wdeoh F181 Wkh sdudphwhu frqvwdqf| whvw
grhv qrw lqglfdwh qrqfrqvwdqf| dw wkh 4( ohyho ri vljqlfdqfh1 Ilqdoo|/ lw fdq eh
vhhq iurp Wdeoh F16 wkdw wkh k|srwkhvlv ri LLG huuruv fdqqrw eh uhmhfwhg iru wkh
vwdqgdugl}hg huuruv ri wkh VWDU0VWJDUFK prgho1
4;814151 Lqwhusuhwdwlrq
Kdylqj rewdlqhg d vdwlvidfwru| prgho iru wkh RP[ lqgh{ zh surfhhg wr lqwhusuhw
wkh hvwlpdwlrq uhvxowv1 D frqvslfxrxv ihdwxuh lq wkh prgho lv wkdw erwk d Prqgd|
dqg d Wxhvgd| hhfw vhhp wr h{lvw dw d 8 shufhqw vljqlfdqfh ohyho1 Lq jhqhudo
wkhuh dsshduv wr eh d zhdn whqghqf| iru wkh lqgh{ wr glvsod| jurzwk wrzdugv wkh
hqg ri hdfk zhhn1 Qr krolgd| hhfw lv irxqg1 Wkh frqglwlrqdo phdq prgho lv
dv|pphwulf1 D vx!flhqwo| odujh qhjdwlyh vkrfn fdxvhv d vhfrqgdu| qhjdwlyh hhfw
diwhu irxu gd|v1 Iru srvlwlyh vkrfnv wkhuh lv qr vlplodu srvlwlyh vhfrqgdu| hhfw
ehfdxvh e *7 . e 7 fkdqjhv vljq dqg ehfrphv voljkwo| qhjdwlyh dv wkh ydoxh ri wkh
wudqvlwlrq ixqfwlrq lqfuhdvhv wrzdugv xqlw|1 Iljxuh F18 vkrzv wkdw erwk h{wuhph
uhjlphv duh lqyrnhg txlwh riwhq1 Dv wr wkh frqglwlrqdo yduldqfh/ wkh VWJDUFK
prgho uhvsrqgv dv|pphwulfdoo| wr srvlwlyh dqg qhjdwlyh huuruv iurp wkh frqglwlrqdo
phdq sduw ri wkh prgho1 Iru srvlwlyh uhvlgxdov wkh ehkdylrxu lv orfdoo| uhsuhvhqwhg
e| d vwdqgdug JDUFK prgho/ exw iru qhjdwlyh uhvlgxdov wkh orfdo g|qdplfv duh
forvh wr wkh g|qdplf ehkdylrxu ri dq LJDUFK surfhvv1
Xqghu wkh dvvxpswlrq ri frqvwdqw frqglwlrqdo yduldqfh/ d prgho vshfwuxp iru
hdfk ydoxh ri wkh revhuyhg orjlvwlf wudqvlwlrq ixqfwlrq lq i+zw>e , lv sorwwhg lq Iljxuh
F191 Wklv *volfhg* vshfwuxp zdv lqwurgxfhg e| Vndolq dqg Whuçvyluwd +4<<<,1 Lw lv
d prgho vshfwuxp frqglwlrqdo rq wkh ydoxh ri wkh wudqvlwlrq ixqfwlrq dqg ghvfulehv
fkdqjh lq wkh orfdo g|qdplfv ri wkh frqglwlrqdo phdq zlwk wkh wudqvlwlrq iurp rqh
ri wkh wzr h{wuhph uhjlphv wr wkh rwkhu lq wkh hvwlpdwhg VWDU prgho1 Wkh voljkw
shdn dw wkh iuhtxhqf| fruuhvsrqglqj wr irxu gd|v uh hfwv wkh vlwxdwlrq dw e K4 @3 1
Wklv shdn idghv dzd| dv e K4 $ 4/ dqg wkxv zh rewdlq dqrwkhu ghvfulswlrq ri wkh
dv|pphwu| lq wkh frqglwlrqdo phdq glvfxvvhg deryh1 Qrwh/ krzhyhu/ wkdw wkh volfhg
vshfwuxp fkdudfwhul}hv orfdo ehkdylrxu dqg fdqqrw eh lqwhusuhwhg dv uhsuhvhqwlqj
wkh joredo g|qdplf ehkdylrxu ri wkh vhulhv1 Li rqh zdqwv wr hvwlpdwh wkh joredo
vshfwuxp ri wkh frqglwlrqdo phdq surfhvv lw kdv wr eh grqh qxphulfdoo|> vhh Vndolq
dqg Whuçvyluwd +4<<<, iru glvfxvvlrq1
Lw vkrxog dovr eh qrwhg wkdw wkh frqglwlrqdo yduldqfh ri wkh prgho lv fohduo|
dv|pphwulf1 Srvlwlyh dqg qhjdwlyh vkrfnv/ l1h/ qhzv/ ri wkh vdph vl}h gr qrw kdyh
wkh vdph lpsdfw rq wkh frqglwlrqdo yduldqfh1
814161 Iruhfdvwlqj rqh exvlqhvv gd| dkhdg
Zh frpsxwhg 4333 rqh0gd|0dkhdg suhglfwlrqv ri wkh frqglwlrqdo phdq1 Wkh urrw
phdq vtxduh huuru +UPVH, htxdov 3165 iru wkh frqglwlrqdo phdq sduw ri wkh hvwl0
4<pdwhg VWDU0VWJDUFK prgho zkloh wkh fruuhvsrqglqj olqhdu prgho kdv UPVH
ri 316<1 Zh hydoxdwh wkh suhglfwlyh surshuwlhv ri wkh prgho lq wzr zd|v1 Iluvw zh
frpsduh wkh iruhfdvwv iurp rxu prgho zlwk wkrvh iurp d olqhdu DU+:, prgho e|
dsso|lqj wkh whvw lq Judqjhu dqg Qhzerog +4<;9/ ss1 5:;05;3, zklfk lv edvhg rq
wkh fruuhodwlrq frh!flhqw/ u/ ri wkh vxpv dqg glhuhqfhv ri wkh iruhfdvw huuruv1 Li
wklv fruuhodwlrq frh!flhqw htxdov }hur wkhq erwk iruhfdvw surfhvvhv kdyh wkh vdph
UPVH1 Wkh qxoo k|srwkhvlv ri qr fruuhodwlrq lv K3 = u @3dqg wkh dowhuqdwlyh
K4 = uA3 1 Wkh dowhuqdwlyh fruuhvsrqgv wr wkh vlwxdwlrq zkhuh wkh iruhfdvwv iurp
wkh qrqolqhdu prgho kdyh d vpdoohu UPVH wkdq wkrvh iurp wkh olqhdu prgho1 Iru








zkhuh z  Q+3> 4
Q￿6, xqghu wkh qxoo k|srwkhvlv/ Q ehlqj htxdo wr wkh qxpehu
ri rqh0vwhs0dkhdg iruhfdvwv1 Wkh whvw surylghv yhu| vwurqj hylghqfh ri d srvlwlyh
fruuhodwlrq/ vhh Wdeoh F1:1 Lw vhhpv wkdw wkh qrqolqhdu vwuxfwxuh fdswxuhg e| wkh
prgho lv xvhixo lq iruhfdvwlqj rqh vwhs dkhdg1
Dqrwkhu zd| ri hydoxdwlqj wkh rqh0vwhs0dkhdg iruhfdvwv lv wr frpsduh wkhp zlwk
wkh wuxh rxwfrphv xvlqj ruglqdo gdwd1 Srvlwlyh uhwxuqv dqg iruhfdvwv wkdw duh juhdwhu
wkdq 31335 duh jlyhq ydoxh 41 Li d iruhfdvw ru uhdol}dwlrq lv ohvv wkdq 031335 lw rewdlqv
ydoxh 041 Wkh uhpdlqlqj revhuydwlrqv kdyh ydoxh }hur1 Wklv fodvvlfdwlrq pd| eh
xvhixo li zh wklqn wkdw dq djhqw idflqj wudqvdfwlrq frvwv rqo| dfwv xsrq d iruhfdvw li
lw ghyldwhv vx!flhqwo| pxfk iurp }hur1 Frqvlghulqj suhglfwlrq dffxudf| lq vxfk d
iudphzrun pd| wkhq eh ri lqwhuhvw1 Wkh ruglqdo gdwd rewdlqhg wklv zd| duh furvv0
wdexodwhg lq Wdeoh F1;1 Iroorzlqj Djuhvwl +4<;7/ ss1 4890498,/ wkh dvvrfldwlrq
ehwzhhq wkh rqh0vwhs0dkhdg iruhfdvwv dqg wkh fruuhvsrqglqj rxwfrph lv phdvxuhg
xvlqj frqfrugdqw dqg glvfrugdqw sdluv ri revhuydwlrqv1 Iru h{dpsoh/ d iruhfdvw0
rxwfrph frpelqdwlrq +4/4, irupv d frqfrugdqw sdlu zlwk dq| +3/3,/ +3/04,/ +04/3,/
ru +04/04, frpelqdwlrq1 Wkh glvfrugdqw sdluv duh wkh rqhv zkhuh rqh ri wkh wzr
hohphqwv lv kljkhu dqg wkh rwkhu orzhu wkdq wkh fruuhvsrqglqj hohphqw lq wkh rwkhu
revhuydwlrq iruplqj wkh sdlu1 Wkh uhpdlqlqj sdluhg revhuydwlrqv duh wlhv1 Wzr
phdvxuhv ri dvvrfldwlrq wkdw duh edvhg rq wkh glhuhqfhv ehwzhhq frqfrugdqw dqg
glvfrugdqw sdluv/ Vrphuv* g dqg Nhqgdoo*v wdx0e htxdo 3198 dqg 3199/ uhvshfwlyho|1
Wklv lqglfdwhv d srvlwlyh dvvrfldwlrq ehwzhhq wkh vljq ri wkh rqh0vwhs0dkhdg iruhfdvwv
zlwk wkh wuxh rxwfrph1 Dq ruglqdo whvw ri lqghshqghqfh edvhg rq frqfrugdqw dqg
glvfrugdqw sdluv fdq eh irxqg lq Djuhvwl +4<;7/ ss1 4;304;4,1 Li zh ghqrwh wkh





zkhuh +F  G, lv wkh vwdqgdug huuru ri F  G1 Xqghu wkh qxoo k|srwkhvlv ri qr
dvvrfldwlrq wkh vwdwlvwlf +817, lv dssur{lpdwho| qrupdoo| glvwulexwhg lq odujh vdpsohv
zlwk }hur phdq dqg xqlw yduldqfh1 Iru wkh RP[ lqgh{ wkh ydoxh ri wklv vwdwlvwlf
htxdov e } @5 5 = < / zklfk lv vwurqj hylghqfh lq idyrxu ri srvlwlyh ruglqdo dvvrfldwlrq
ehwzhhq wkh iruhfdvwv dqg rxwfrphv1
8151 MS\2XVG h{fkdqjh udwh
Hyhq khuh/ wkh dqdo|vlv zdv vwduwhg e| hvwlpdwlqj dq DU prgho lqfoxglqj zhhngd|
gxpplhv dqg d frqvwdqw whup iru wkh vhulhv1 Qr uhpdlqlqj vhuldo ghshqghqfh zdv
irxqg1 Ydulrxv fkdudfwhulvwlfv ri wkh +ohswrnxuwlf, huuruv iru wkh olqhdu prghov fdq
eh irxqg lq Wdeoh F14 dv zhoo dv wkh uhvxow wkdw wkh EGV whvw khdylo| uhmhfwv wkh
qxoo k|srwkhvlv ri LLG huuruv1
815141 Hvwlpdwlrq dqg hydoxdwlrq
Dv ehiruh/ whvwlqj olqhdulw| zdv wkh uvw vwhs ri wkh vshflfdwlrq surfhgxuh1 Lq wkhvh
whvwv wkh pd{lpxp odj ri wkh olqhdu dxwruhjuhvvlyh sduw zdv : dqg wkh dowhuqdwlyh
dq OVWDU+6, prgho1 Wkh uhvxowv iurp wkhvh olqhdulw| whvwv iru ghod| sdudphwhu
3 ?g8dsshdu lq Wdeoh F14/ dqg vkrz wkdw olqhdulw| lv uhmhfwhg1
Dv ehiruh/ zh uvw hvwlpdwhg d VWDU0JDUFK prgho zlwkrxw dv|pphwu| lq wkh
frqglwlrqdo yduldqfh1 Dv lq wkh olqhdu prgho/ wkh zhhngd| hhfwv lq wkh frqglwlrqdo
phdq duh uhsuhvhqwhg e| gdlo| gxpplhv dqg d gxpp| iru krolgd| hhfwv1 Wkh
sdudphwhu hvwlpdwhv +vwdqgdug ghyldwlrqv lq sduhqwkhvhv, ri wkh prgho duh uhsruwhg
lq Wdeoh F15 dqg vkrzv wkdw olqhdulw| lv uhmhfwhg1 D ihz fkdudfwhulvwlf ihdwxuhv ri
wkh vwdqgdugl}hg uhvlgxdov ri wkh hvwlpdwhg prgho fdq eh irxqg lq Wdeoh F161 Wkh
ohswrnxuwrvlv kdv lqfuhdvhg frpsduhg wr wkdw lq wkh ruljlqdo vhulhv1 Wklv lv ehfdxvh
zlwk rxu xqlyduldwh prgho zh fdqqrw suhglfw wkh dfwxdo vkrfn/ exw zh fdq prgho
wkh dyhudjh uhvsrqvh wr lw1 Wkh dfwxdo vkrfn pd| wkxv ehfrph pruh frqvslfxrxv
lq wkh vwdqgdugl}hg uhvlgxdov wkdq lq wkh ruljlqdo gdwd/ zklfk ohdgv wr lqfuhdvhg
ohswrnxuwrvlv lq wkh uhvlgxdov1 Wkh frqglwlrq iru wkh huuru surfhvv kdylqj d qlwh
irxuwk prphqw/ jlyhq lq Eroohuvohy +4<;9, ru/ pruh jhqhudoo|/ Kh dqg Whuçvyluwd
+4<<<d,/ lv ydolg iru wkh hvwlpdwhg sdudphwhu frpelqdwlrq1
Wkh uhvxowv ri wkh plvvshflfdwlrq whvwv lq Vhfwlrq 7 iru wkh frqglwlrqdo phdq fdq
54eh irxqg lq Wdeoh F171 Wkhuh lv qr uhpdlqlqj dxwrfruuhodwlrq/ wkh sdudphwhuv vhhp
frqvwdqw/ dqg wkhuh lv qr hylghqfh ri uhpdlqlqj dgglwlrqdo qrqolqhdulw| hlwkhu1 Wkh
uhvxowv ri wkh plvvshflfdwlrq whvwv iru wkh frqglwlrqdo yduldqfh dsshdu lq Wdeoh F191
Wkh whvw djdlqvw uhpdlqlqj pxowlsolfdwlyh DUFK vwuxfwxuh lqglfdwhv wkdw wkhuh lv
vrph vwuxfwxuh ohiw wkdw wkh VWDU0JDUFK prgho grhv qrw fdswxuh1 Rq wkh rwkhu
kdqg/ wkh whvw ri wkh ixqfwlrqdo irup grhv qrw lqglfdwh uhpdlqlqj vhuldo ghshqghqfh
ri JDUFK w|sh dqg wkh uhvxowv ri wkh sdudphwhu frqvwdqf| whvw duh vdwlvidfwru|1
Wkh EGV whvw lq Wdeoh F16 grhv qrw uhmhfw wkh LLG k|srwkhvlv ri wkh huuruv1 Ilqdoo|/
wkh olqhdulw| whvw djdlqvw vprrwk wudqvlwlrq JDUFK lq Wdeoh F19 grhv qrw uhmhfw
wkh qxoo ri v|pphwu|1 Wkxv zh whqwdwlyho| dffhsw wkh VWDU0JDUFK prgho dqg
gr qrw frqvlghu wkh VWDU0VWJDUFK rqh1
815151 Lqwhusuhwdwlrq
D ihdwxuh ri wkh uhvxowv lv wkdw wkh frh!flhqw hvwlpdwhv ri doo zhhngd| gxpplhv
duh qhjdwlyh dqg vljqlfdqw dv d 8 shufhqw ohyho zklfk vxjjhvwv d srvlwlyh Iulgd|
hhfw1 Wkh frqglwlrqdo phdq ri wkh prgho lv dv|pphwulf1 Prvw ri wkh wlph wkhuh
h{lvwv vrph olqhdu vwuxfwxuh lq wkh surfhvv1 Krzhyhu/ d vx!flhqw odujh srvlwlyh
vkrfn fdxvhv d qrqolqhdu uhvsrqvh lq wkh vhulhv1 Wklv lv fohduo| vhhq iurp wkh volfhg
vshfwuxp lq Iljxuh F1; zklfk ghprqvwudwhv wkh hphujhqfh ri d orfdo f|foh zlwk wkh
shulrg ri derxw ; gd|v1 Rq wkh rwkhu kdqg/ vxfk d odujh vkrfn lv d uhodwlyho| uduh
hyhqw1 Wklv lv ehvw vhhq iurp wkh judsk ri wkh wudqvlwlrq ixqfwlrq lq Iljxuh F1:
zkhuh hyhu| flufoh uhsuhvhqwv d vlqjoh revhuydwlrq1 Dv glvfxvvhg deryh wkhuh lv qr
dv|pphwu| wr eh prghoohg lq wkh frqglwlrqdo yduldqfh1
815161 Iruhfdvwlqj rqh exvlqhvv gd| dkhdg
Zh frpsxwhg 4793 rqh0vwhs0dkhdg suhglfwlrqv ri wkh uhwxuqv ri wkh MS\2XVG h{0
fkdqjh udwh erwk zlwk d olqhdu dqg d qrqolqhdu prgho1 Zh glg qrw qg dq| olqhdu
ghshqghqfh lq wkh frqglwlrqdo phdq dqg dvvxph wkhuhiruh lq wkh olqhdu fdvh wkh
surfhvv wr eh d udqgrp zdon1 Wkh UPVH iru wkh frqglwlrqdo phdq sduw ri wkh
VWDU0JDUFK prgho dqg wkh ghyldwlrq ri wkh dfwxdo revhuydwlrqv iurp }hur duh
erwk 315:1 Zh frpsxwhg wkh Judqjhu dqg Qhzerog +4<;9, UPVH whvw xvlqj vwdwlvwlf
+816,1 Lw lv vhhq iurp Wdeoh F1: wkdw zh fdqqrw uhmhfw wkh qxoo k|srwkhvlv K3 = u @3
djdlqvw K4 = uA3 1 Dv qrqolqhdulw| lv rqo| uhtxluhg wr fkdudfwhul}h wkh uhvsrqvh
ri wkh surfhvv wr odujh vkrfnv/ wkhuh lv qr jhqhudo lpsuryhphqw lq wkh suhglfwlyh
shuirupdqfh frpsduhg wr wkh udqgrp zdon prgho1
Zh xvh wkh vdph ruglqdo revhuydwlrqv dv wr frpsduh rqh0vwhs0dkhdg iruhfdvwv
55zlwk wkh wuxh rxwfrphv1 Wkh erxqgdulhv iru }hur duh qrz 0313338 dqg 3133381
Wkhvh ruglqdo gdwd duh furvv0wdexodwhg lq Wdeoh F1<1 Wkh Vrphuv* g dqg wkh
Nhqgdoo*v wdx0e htxdo 3=35 dqg 3=34 uhvshfwlyho|/ dqg gr qrw vxjjhvw dq| dvvrfl0
dwlrq ehwzhhq wkh gluhfwlrq ri wkh rqh0vwhs0dkhdg iruhfdvwv dqg wkdw ri wkh wuxh
rxwfrph1 Iru wkh MS\2XVG h{fkdqjh udwh wkh ydoxh ri wkh ruglqdo whvw vwdwlvwlf
+817, lv e } @3 = 8:/ zklfk vwuhqjwkhqv wklv frqfoxvlrq1
91 Frqfoxvlrqv
Rxu VWDU0VWJDUFK prgho lv lqwhqghg wr khos xv fkdudfwhul}h wkh ehkdylrxu ri
kljk0iuhtxhqf| hfrqrplf wlph vhulhv1 Pdq| prghoohuv ri vxfk vhulhv whqg wr ljqruh
wkh uvw prphqw/ exw lq wklv sdshu wkh uvw dqg wkh vhfrqg prphqw duh prghoohg
mrlqwo|1 D frkhuhqw prghoolqj vwudwhj| lv d nh| wr grlqj wkdw lq d v|vwhpdwlf zd|/
dqg vxfk d vwudwhj| lv ghvljqhg dqg dssolhg wr gdwd khuh1 Dq dgydqwdjh ri wkh
sursrvhg vwudwhj| lv wkdw wkh vshflfdwlrq dqg plvvshflfdwlrq whvwv zh xvh rqo|
uhtxluh vwdqgdug dv|pswrwlf wkhru| dqg duh hdv| wr shuirup1 Wkh whvwv iru wkh
frqglwlrqdo yduldqfh duh glvfxvvhg lq ghwdlo lq wkh frpsdqlrq sdshu Oxqgehujk dqg
Whuçvyluwd +4<<;,1
Wkh hpslulfdo h{dpsohv lqglfdwh wkdw wkhuh lv qrqolqhdu vwuxfwxuh lq wkh frqgl0
wlrqdo phdq wr eh prghoohg1 Lq wkh fdvh ri wkh RP[ lqgh{ wklv ohdgv wr lpsuryhg
iruhfdvwv1 Iru wkh MS\2XVG h{fkdqjh udwh uhwxuq vhulhv wkh qrqolqhdu sdudph0
whuv rqo| fkdudfwhul}h vrph h{wuhph hyhqwv lq wkh vhulhv1 Ehfdxvh vxfk hyhqwv e|
ghqlwlrq duh uduh/ wkh iruhfdvw dffxudf|/ zkhq phdvxuhg iurp d odujh qxpehu ri
iruhfdvwv/ lv qrw lpsuryhg e| h{wud sdudphwhuv1 Wkh diwhupdwk ri d odujh srvlwlyh
vkrfn lv wkh rqo| rffdvlrq lq zklfk wkh hvwlpdwhg VWDU0VWJDUFK prgho pd|
jhqhudwh ehwwhu iruhfdvwv wkdq d olqhdu dxwruhjuhvvlyh prgho iru wklv vhulhv1
56Uhihuhqfhv
Djuhvwl/ D1 +4<;7,1 Dqdo|vlv ri Ruglqdo Fdwhjruldo Gdwd/ Zloh|/ Qhz \run1
Dndlnh/ K1 +4<:7,1 D qhz orrn dw wkh vwdwlvwlfdo prgho lghqwlfdwlrq/ LHHH Wudqv0
dfwlrqv ri Dxwrpdwlf Frqwuro 4<= :49:561
Edfrq/ G1 Z1 dqg Zdwwv/ G1 J1 +4<:4,1 Hvwlpdwlqj wkh wudqvlwlrq ehwzhhq wzr
lqwhuvhfwlqj vwudljkw olqhv/ Elrphwulnd 8;= 8588671
Eroohuvohy/ W1 +4<;9,1 Jhqhudol}hg dxwruhjuhvvlyh frqglwlrqdo khwhurvnhgdvwlflw|/
Mrxuqdo ri Hfrqrphwulfv 64= 63:65:1
Eroohuvohy/ W1/ Hqjoh/ U1 I1 dqg Qhovrq/ G1 E1 +4<<7,1 DUFK prghov/ lq U1 I1
Hqjoh dqg G1 O1 PfIdgghq +hgv,/ Kdqgerrn ri Hfrqrphwulfv/ Yro1 7/ Hovhylhu/
Dpvwhugdp/ ss1 5<8<636;1
Er{/ J1 dqg Mhqnlqv/ J1 P1 +4<:3,1 Wlph Vhulhv Dqdo|vlv/ Iruhfdvwlqj dqg Frqwuro/
Kroghq Gd|/ Vdq Iudqflvfr1
Euhxvfk/ W1 V1 dqg Sdjdq/ D1 U1 +4<;3,1 Wkh Odjudqjh pxolwlsolhu whvw dqg lwv ds0
solfdwlrqv wr prgho vshflfdwlrq lq hfrqrphwulfv/ Uhylhz ri Hfrqrplf Vwxglhv
7:= 56<5861
Eurfn/ Z1 D1/ Ghfkhuw/ Z1/ Vfkhlqnpdq/ M1 dqg OhEdurq/ E1 +4<<9,1 D whvw iru lq0
ghshqghqfh edvhg rq wkh fruuhodwlrq glphqvlrq/ Hfrqrphwulf Uhylhzv 48= 4<:
5681
Fkdq/ N1 V1 dqg Wrqj/ K1 +4<;9,1 Rq hvwlpdwlqj wkuhvkrogv lq dxwruhjuhvvlyh prghov/
Mrxuqdo ri Wlph Vhulhv Dqdo|vlv := 4:;4<31
Fkdsshoo/ G1 dqg Shho/ G1 D1 +4<<;,1 D qrwh rq vrph surshuwlhv ri wkh HVWDU
prgho/ Hfrqrplfv Ohwwhuv 93= 6446481
Hlwukhlp/ Û1 dqg Whuçvyluwd/ W1 +4<<9,1 Whvwlqj wkh dghtxdf| ri vprrwk wudqvlwlrq
dxwruhjuhvvlyh prghov/ Mrxuqdo ri Hfrqrphwulfv :7= 8<:81
Hqjoh/ U1 I1 +4<;5,1 Dxwruhjuhvvlyh frqglwlrqdo khwhurvfhgdvwlflw| zlwk hvwlpdwhv
ri wkh yduldqfh ri Xqlwhg Nlqjgrp lq dwlrq/ Hfrqrphwulfd 83= <;:433:1
Hvfuledqr/ D1 dqg Mrugä/ R1 +4<<9,1 Lpsuryhg whvwlqj dqg vshflfdwlrq ri vprrwk
wudqvlwlrq uhjuhvvlrq prghov1 Xqlyhuvlgdg Fduorv LLL gh Pdgulg/ Zrunlqj Sd0
shu1
57Jk|vhov/ H1/ Kduyh|/ D1 F1 dqg Uhqdxow/ H1 +4<<9,1 Vwrfkdvwlf yrodwlolw|/ lq J1 V1
Pdggdod dqg F1 U1 Udr +hgv,/ Kdqgerrn ri Vwdwlvwlfv/ Yro1 47/ Hovhylhu/ Dpv0
whugdp/ ss1 44<4<41
Jorvwhq/ O1/ Mdjdqqdwkdq/ U1 dqg Uxqnoh/ G1 +4<<6,1 Rq wkh uhodwlrq ehwzhhq h{0
shfwhg ydoxh dqg wkh yrodwlolw| ri wkh qrplqdo h{fhvv uhwxuq rq vwrfnv/ Mrxuqdo
ri Ilqdqfh 7;= 4::<4;341
Jrq}äoh}0Ulyhud/ J1 +4<<;,1 Vprrwk wudqvlwlrq JDUFK prghov/ Vwxglhv lq Qrq0
olqhdu G|qdplfv dqg Hfrqrphwulfv +iruwkfrplqj, 1
Judqjhu/ F1 Z1 M1 dqg Qhzerog/ S1 +4<;9,1 Iruhfdvwlqj Hfrqrplf Wlph Vhulhv/
Dfdghplf Suhvv/ Orqgrq dqg Vdq Glhjr1
Judqjhu/ F1 Z1 M1 dqg Whuçvyluwd/ W1 +4<<6,1 Prghoolqj Qrqolqhdu Hfrqrplf Uhod0
wlrqvklsv/ R{irug Xqlyhuvlw| Suhvv/ R{irug1
Kdjhuxg/ J1 H1 +4<<:,1 D Qhz Qrq0Olqhdu JDUFK Prgho/ HIL/ Vwrfnkrop Vfkrro
ri Hfrqrplfv1
Kdqvhq/ E1 H1 +4<<9,1 Lqihuhqfh zkhq d qxlvdqfh sdudphwhu lv qrw lghqwlhg xqghu
wkh qxoo k|srwkhvlv/ Hfrqrphwulfd 97= 7467631
Kh/ F1 dqg Whuçvyluwd/ W1 +4<<<d,1 Irxuwk prphqw vwuxfwxuh ri wkh JDUFK+s/t,
surfhvv/ Hfrqrphwulf Wkhru| +iruwkfrplqj, 1
Kh/ F1 dqg Whuçvyluwd/ W1 +4<<<e,1 Surshuwlhv ri wkh dxwrfruuhodwlrq ixqfwlrq ri
vtxduhg revhuydwlrqv iru vhfrqg rughu JDUFK surfhvvhv xqghu wzr vhwv ri
sdudphwhu frqvwudlqwv/ Mrxuqdo ri Wlph Vhulhv Dqdo|vlv +iruwkfrplqj, 1
OhEdurq/ E1 +4<<:,1 D idvw dojrulwkp iru wkh EGV vwdwlvwlf/ Vwxglhv lq Qrqolqhdu
G|qdplfv dqg Hfrqrphwulfv 5= 868<1
Ohh/ \1 Q1 dqg Ol/ Z1 N1 +4<<;,1 Rq vprrwk wudqvlwlrq grxeoh wkuhvkrog prghov1
Ghsduwphqw ri Vwdwlvwlfv/ Xqlyhuvlw| ri Krqj Nrqj/ Uhvhdufk Uhsruw Qr1 4<;1
Ol/ F1 Z1 dqg Ol/ Z1 N1 +4<<9,1 Rq d grxeoh wkuhvkrog dxwruhjuhvvlyh khwhurvfhgdv0
wlf wlph vhulhv prgho/ Mrxuqdo ri Dssolhg Hfrqrphwulfv 44= 5865:71
Ol/ Z1 N1 dqg Odp/ N1 +4<<8,1 Prghoolqj dv|pphwu| lq vwrfn uhwxuqv e| d wkuhvkrog
dxwruhjuhvvlyh frqglwlrqdo khwhurvfhgdvwlf prgho/ Wkh Vwdwlvwlfldq 77= 6666741
58Ol/ Z1 N1 dqg Pdn/ W1 N1 +4<<7,1 Rq wkh vtxduhg uhvlgxdo dxwrfruuhodwlrqv lq qrq0
olqhdu wlph vhulhv zlwk frqglwlrqdo khwhurvnhgdvwlflw|/ Mrxuqdo ri Wlph Vhulhv
Dqdo|vlv 48= 95:9691
Olq/ F10I1 dqg Whuçvyluwd/ W1 +4<<7,1 Whvwlqj wkh frqvwdqf| ri uhjuhvvlrq sdudphwhuv
djdlqvw frqwlqxrxv vwuxfwxudo fkdqjh/ Mrxuqdo ri Hfrqrphwulfv 95= 54455;1
Oxqgehujk/ V1 dqg Whuçvyluwd/ W1 +4<<;,1 Hydoxdwlqj JDUFK prghov1 Vwrfnkrop
Vfkrro ri Hfrqrplfv/ Zrunlqj Sdshu Vhulhv lq Hfrqrplfv dqg Ilqdqfh/ Qr1
5<51
PfOhrg/ D1 L1 dqg Ol/ Z1 N1 +4<;6,1 Gldjqrvwlf fkhfnlqj DUPD wlph vhulhv prg0
hov xvlqj vtxduhg uhvlgxdo dxwrfruuhodwlrqv/ Mrxuqdo ri Wlph Vhulhv Dqdo|vlv
7= 59<5:61
Plwwqln/ V1 dqg Udfkhy/ V1 W1 +4<<6,1 Prgholqj dvvhw uhwxuqv zlwk dowhuqdwlyh vwdeoh
glvwulexwlrqv/ Hfrqrphwulf Uhylhzv 45= 5946631
Qhovrq/ G1 E1 dqg Fdr/ F1 T1 +4<<5,1 Lqhtxdolw| frqvwudlqwv lq wkh xqlyduldwh
JDUFK prgho/ Mrxuqdo ri Exvlqhvv dqg Hfrqrplf Vwdwlvwlfv 43= 55<5681
Sdjdq/ D1 +4<<9,1 Wkh hfrqrphwulfv ri qdqfldo pdunhwv/ Mrxuqdo ri Hpslulfdo
Ilqdqfh 6= 484351
Sdop/ I1 +4<<9,1 JDUFK prghov ri yrodwlolw|/ lq J1 Pdggdod dqg F1 Udr +hgv,/
Kdqgerrn ri Vwdwlvwlfv/ Yro1 47/ Hovhylhu/ Dpvwhugdp/ ss1 53<5731
Vhqwdqd/ H1 +4<<8,1 Txdgudwlf DUFK prghov/ Uhylhz ri Hfrqrplf Vwxglhv 95= 96<
9941
Vndolq/ M1 dqg Whuçvyluwd/ W1 +4<<<,1 Dqrwkhu orrn dw Vzhglvk exvlqhvv f|ohv/ 4;940
4<;;/ Mrxuqdo ri Dssolhg Hfrqrphwulfv +iruwkfrplqj, 1
Wd|oru/ V1 +4<;9,1 Prghoolqj Ilqdqfldo Wlph Vhulhv/ Zloh|/ Fklfkhvwhu1
Whuçvyluwd/ W1 +4<<7,1 Vshflfdwlrq/ hvwlpdwlrq/ dqg hydoxdwlrq ri vprrwk wudqvlwlrq
dxwruhjuhvvlyh prghov/ Mrxuqdo ri wkh Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq ;<= 53;
54;1
Wrqj/ K1 +4<<3,1 Qrq0Olqhdu Wlph Vhulhv1 D G|qdplfdo V|vwhp Dssurdfk/ R{irug
Xqlyhuvlw| Suhvv/ R{irug1
Wvd|/ U1 V1 +4<;<,1 Whvwlqj dqg prgholqj wkuhvkrog dxwruhjuhvvlyh surfhvvhv/ Mrxuqdo
ri wkh Dphulfdq Vwdwlvwlfdo Dvvrfldwlrq ;7= 5645731
59Wvd|/ U1 V1 +4<<;,1 Whvwlqj dqg prgholqj pxowlyduldwh wkuhvkrog prghov/ Mrxuqdo
ri wkh Dphulfdo Vwdwlvwlfdo Dvvrfldwlrq <6= 44;;45351
Zrqj/ F1 V1 dqg Ol/ Z1 N1 +4<<:,1 Whvwlqj iru wkuhvkrog dxwruhjuhvvlrq zlwk frq0
glwlrqdo khwhurvfhgdvwlflw|/ Elrphwulnd ;7= 73:74;1
]dnròdq/ M10P1 +4<<7,1 Wkuhvkrog khwhurvnhgdvwlf prghov/ Mrxuqdo ri Hfrqrplf
G|qdplfv dqg Frqwuro 4;= <64<881
5:D1 Wkh olqhdulw| whvw lq suhvhqfh ri JDUFK
Wkh olqhdulw| whvw lq Vhfwlrq 6 lv ghulyhg xqghu wkh dvvxpswlrq ri frqvwdqw yduldqfh1
Wkh dlp zlwk wklv vlpsoh vlpxodwlrq vwxg| lv wr h{dplqh krz wkh whvw shuirupv
zkhq wkh frqglwlrqdo yduldqfh iroorzv d JDUFK0w|sh surfhvv1
Zh ohw wkh frqglwlrqdo phdq iroorz dq DU+7, prgho/ zlwk sdudphwhu ydoxhv wkdw
fruuhvsrqg wr rqh ri wkh hvwlpdwhg uhjlphv irxqg lq wkh Vzhglvk RP[ lqgh{1 Wklv
|lhogv wkh frqglwlrqdo phdq prgho |w @3 = 3388  3=36;|w￿7 . xw zkhuh xw @
s
kw%w1
Wkh LLG huuru whup/ %w/ lv dvvxphg Q+3>4,1 Lq wkh vlpxodwlrqv zh ohw wkh frqglwlrqdo
yduldqfh iroorz wkh dv|pphwulf JMU0JDUFK vshflfdwlrq vxjjhvwhg e| Jorvwhq
hw do1 +4<<6,1 Wklv prgho pd| eh zulwwhq dv
kw @ 3 . 4 ^mxw￿4m . $xw￿4`
5 .4kw￿4 +D14,
zkhuh $ lv wkh dv|pphwu| sdudphwhu1 Li $ @3wkh prgho uhgxfhv wr wkh vwdqgdug
JDUFK+4/4, prgho/ dqg zlwk 3 A 3/ 4 @ 4 @ $ @3wkh prgho kdv d frq0
vwdqw frqglwlrqdo yduldqfh1 Wkh ydoxhv ri wkh sdudphwhuv pdwfk wkh hvwlpdwhg rqhv
iru wkh Vzhglvk RP[0lqgh{1 Wkh sdudphwhu ydoxhv iru wkh glhuhqw frqglwlrqdo
yduldqfh GJSv fdq eh irxqg lq Wdeoh D14/ zkhuh d plvvlqj ydoxh ghqrwhv wkdw wkh
fruuhvsrqglqj sdudphwhu ydoxh lq +D14, htxdov }hur1
GJS Sdudphwhu
3 4 4 4 . 4 $
GJS3 5  43￿7 1 1 1 1
GJS4 :  43￿9 3148 31;7 31<< 1
GJS5 :  43￿9 3139 31;7 31<3 1
GJS6 :  43￿9 3148 31;7 31<3 ru 31<< 03143
Wdeoh D14= Vlpxodwlrq ghvljq iru wkh JDUFK prgho +D14,1
Wkh qxpehu ri uhsolfdwlrqv lq wkh vlpxodwlrq vwxg| lv vhw wr 83331 Wkh ohqjwk ri
wkh jhqhudwhg wlph vhulhv lv 4333 revhuydwlrqv diwhu uhprylqj wkh uvw 833 revhuyd0
wlrqv iurp wkh ehjlqqlqj ri wkh vhulhv wr holplqdwh wkh hhfwv ri wkh lqlwldo ydoxhv1
Iru hdfk uhsolfdwh zh frpsxwh wzr yhuvlrqv ri wkh olqhdulw| whvw +614,/ rqh ghvfulehg
lq Vhfwlrq 6 dqg dqrwkhu rqh phqwlrqhg lq Judqjhu dqg Whuçvyluwd +4<<6/ s1 9<,
zklfk lv urexvw djdlqvw xqvshflhg khwhurvfhgdvwlflw|1
Wkh hpslulfdo vl}h ri wkh vwdqgdug olqhdulw| whvw fdq eh irxqg lq Wdeoh D151
Zkhq wkh frqglwlrqdo yduldqfh lv jhqhudwhg e| GJS5 lw lv irxqg wkdw wkh vl}h lv
rqo| pdujlqdoo| dhfwhg1 Dv wr GJS4 dqg GJS6/ wkh vwdqgdug olqhdulw| whvw txlwh
riwhq huurqhrxvo| ghwhfwv qrqolqhdu vwuxfwxuh lq wkh frqglwlrqdo phdq/ zkhuhdv wkh
5;fruuhvsrqglqj urexvw yhuvlrq lv voljkwo| xqghuvl}hg1
Vwdqgdug yhuvlrq Urexvw yhuvlrq
W@4333 4( 8( 4 3( 4( 8( 4 3(
GJS3 3133; 31376 313;8 31337 31365 3139<
GJS4 31499 315:9 31689 31336 31356 31395
GJS5 31344 31387 31433 31337 31368 313:<
GJS6 314;< 31645 316<4 31336 31357 31396
Wdeoh D15= Hpslulfdo vl}h ri wkh olqhdulw| whvw1 Hdfk fhoo uhsuhvhqwv wkh sursruwlrq
ri uhmhfwlrqv dw wkh jlyhq qrplqdo vljqlfdqfh ohyho1 Wkh dowhuqdwlyh wr olqhdulw| lv
d qrqolqhdulw| ri OVWDU+6,0w|sh1 Wkh wudqvlwlrq yduldeoh xvhg lq wkh olqhdulw| whvw
lv |w￿41
Wr vhh krz wkh wzr yhuvlrqv ri wkh olqhdulw| whvw ehkdyh zkhq d qrqolqhdulw| lv
suhvhqw lq wkh frqglwlrqdo phdq zh jhqhudwhg gdwd iurp dq OVWDU prgho zkrvh
sdudphwhuv ydoxhv pdwfk wkh hvwlpdwhg rqhv iru wkh Vzhglvk RP[ lqgh{/ vhh Wdeoh
F151 Wkh prgho lv
|w @3 = 3:5|w￿7.+3=33883=44|w￿7,+4.h{s+9=4+|w￿43=336<,,@e +|,,￿4.
s
kw%w
zkhuh e +|,@3 = 3461 Wkh frqglwlrqdo yduldqfh lv jhqhudwhg e| wkh GJSv lq Wdeoh
D141 Lq wklv vlwxdwlrq zh qg wkdw wkh urexvwlfdwlrq djdlqvw khwhurvnhgdvwlflw|
sduwo| devruev wkh qrqolqhdulw| lq wkh frqglwlrqdo phdq/ vhh Wdeoh D161 Lq wkh fdvh
zkhq wkh frqglwlrqdo yduldqfh iroorzv GJS4 ru GJS6 wkh urexvw yhuvlrq ri wkh
olqhdulw| whvw kdv yhu| olwwoh srzhu djdlqvw wkh qrqolqhdulw| lq wkh frqglwlrqdo phdq1
Ehfdxvh ri wklv glvdgydqwdjh zh vkdoo qrw dsso| wkh urexvw olqhdulw| whvw lq wklv
sdshu1
Vwdqgdug yhuvlrq Urexvw yhuvlrq
W@4333 4( 8( 4 3( 4( 8( 4 3(
GJS3 3143 3159 316; 31398 3155 3169
GJS4 31;4 31<3 31<6 31347 313:6 3148
GJS5 3173 3196 31:6 3146 3166 317<
GJS6 31;5 31<4 31<7 31345 3139< 3148
Wdeoh D16= Hpslulfdo srzhu ri wkh olqhdulw| whvw1 Wzr yhuvlrqv duh frpsxwhg/ wkh
vwdqgdug olqhdulw| whvw iru wkh frqglwlrqdo phdq dqg d yhuvlrq urexvw djdlqvw xqvshf0
lhg khwhurvnhgdvwlflw|1 Wkh dowhuqdwlyh wr olqhdulw| lv d qrqolqhdulw| ri OVWDU+6,0
w|sh1 Wkh wudqvlwlrq yduldeoh xvhg lq wkh olqhdulw| whvw lv |w￿41
5<E1 Judglhqw dqg Khvvldq ri wkh orj0olnholkrrg ixqfwlrq
Wkh dqdo|wlfdo judglhqw dqg wkh dqdo|wlfdo Khvvldq ri wkh VWDU0JDUFK prgho
duh uhsruwhg khuh1 Wkh vshflfdwlrq whvwv lq Vhfwlrq 714 frqvlvwv ri/ dw prvw/ wzr
dgglwlrqdo olqhdu whupv dqg duh wkxv vwudljkw iruzdug wr lpsohphqw1
Frqvlghu wkh VWDU0VWJDUFK prgho ghqhg lq +514, dqg +515,1
|w @ *3zw . i +zw>,.x w
x w @ % w
s
k + z w>* >>>,
zkhuh k+zw>*>>>,@k w@ 3} w.j + } w> , 1 Wkh qrqolqhdu ixqfwlrqv i +zw>, dqg
j+}w>, duh ghqhg lq +517, uhvshfwlyho| +518,1 Dvvxplqj wkdw wkh vhtxhqfh i%wj lv













zkhuh xw @ |w *3zw i +zw>, dv qhlwkhu * qru  lv dvvxphg wr ghshqg rq hlwkhu
 ru 1 Wkh ghulydwlyhv ri wkh orj0olnholkrrg ixqfwlrq duh uhsruwhg lq E14 dqg wkh
ghulydwlyhv ri wkh qrqolqhdu ixqfwlrqv i +zw>, dqg j+}w>, duh uhsruwhg lq E15 dqg
E161
E141 Sduwldo ghulydwlyhv ri wkh orj0olnholkrrg ixqfwlrq
Wkh uvw dqg vhfrqg rughu sduwldo ghulydwlyhv lv wr eh irxqg lq wklv vhfwlrq1 Wkh
vhfrqg rughu sduwldo ghulydwlyhv duh dovr jlyhq lq h{shfwdwlrq zklfk lv xvhixo zkhq







E14141 Iluvw rughu sduwldo ghulydwlyh ri ow
Wkh judglhqw ri wkh orj0olnholkrrg ixqfwlrq dw wlph w lv jlyhq e| wkh ghulydwlyh zlwk













































































E14151 Vhfrqg rughu sduwldo ghulydwlyh ri ow
Wkh Khvvldq ri wkh orj0olnholkrrg ixqfwlrq dw wlph w lv jlyhq e|=
Kw @
3
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D
Zh uvw uhsruw wkh ghulydwlyhv zlwk uhvshfw rqo| wr wkh sdudphwhuv lq wkh frqglwlrqdo
phdq eorfn/ iroorzhg e| wkh ghulydwlyhv zlwk uhvshfw rqo| wr wkh sdudphwhuv ri wkh
frqglwlrqdo yduldqfh eorfn1 Wkhq zh uhsruw wkh furvv0whup ghulydwlyhv1









































































































































































































































































































































































































































































































































































































Li wkh frqglwlrqdo yduldqfh prgho lv v|pphwulf dqg vdwlvhv fhuwdlq uhjxodulw| frq0
glwlrqv wkhq wkh h{shfwdwlrq ri wkhvh pdwulfhv zloo eh }hur> vhh Wkhruhp 7 lq Hqjoh
+4<;5,1
E151 Sduwldo ghulydwlyhv ri wkh qrqolqhdu ixqfwlrq i +zw>,1
Dv qhlwkhu * qru  lv dvvxphg wr ghshqg rq hlwkhu  ru / wkh sduwldo ghulydwlyhv
ri wkh frqglwlrqdo phdq grhv qrw ghshqg ri wkh sdudphwhul}dwlrq ri wkh frqglwlrqdo
yduldqfh1 Dvvxph wkdw wkh qrqolqhdu ixqfwlrq i +zw>, lq wkh frqglwlrqdo phdq lv































E15141 Iluvw rughu sduwldo ghulydwlyh ri i +zw>,






































e| ohwwlqj fn ghqrwh wkh nwk hohphqw lq wkh orfdwlrq yhfwru f/ zh fdq zulwh wkh uvw














E15151 Vhfrqg rughu sduwldo ghulydwlyh ri i +zw>,
Wkhvh ghulydwlyhv duh rqo| lqwhuhvwlqj zkhq frpsxwlqj wkh ixoo Khvvldq/ wkh| duh










































































































Ohw fn djdlq ghqrwh wkh nwk hohphqw ri wkh orfdwlrq yhfwru f1 Wkh vhfrqg rughu
















E161 Sduwldo ghulydwlyh ri wkh frqglwlrqdo yduldqfh kw1
Dvvxph wkdw wkh frqglwlrqdo yduldqfh/ k+zw>*>>>,@k w/ lv sdudphwhul}hg dv lq
+515, dqg +518,=












Wr lqlwldol}h wkh lwhudwlyh frpsxwdwlrq suh0vdpsoh ydoxhv ri kw duh hvwlpdwhg e| wkh







v zkhuh xv @ |v  *3zv  i +zv>,1
E16141 Iluvw rughu sduwldo ghulydwlyh ri kw



















































































zkhuh wkh suh0vdpsoh ydoxhv duh jlyhq e| 5xw
Ci+zw>￿,
C￿3 @ Ckw



































































































zkhuh wkh suh0vdpsoh ydoxhv duh jlyhq e|
C5jw￿m






















































69zkhuh wkh suh0vdpsoh ydoxhv duh jlyhq e|
C5jw￿m























zkhuh wkh suh0vdpsoh ydoxhv duh jlyhq e|
C5jw￿m
















E171 Sduwldo ghulydwlyhv ri wkh orjlvwlf ixqfwlrq Kq+vw>>f,
Wkh orjlvwlf ixqfwlrq +516, lv wkh nh| whup lq wkh sdudphwhul}dwlrq ri wkh qrqolq0
hdulwlhv lq erwk wkh frqglwlrqdo phdq dqg wkh frqglwlrqdo yduldqfh1 Rq wkh rqh
kdqg/ wkh qrqolqhdu ixqfwlrq lq wkh frqglwlrqdo phdq lv frqvwuxfwhg dv i +zw>,@
!
3z wK q+ v w>>f,/ zlwk vw @ |w￿g1 Rq wkh rwkhu kdqg/ wkh orjlvwlf ixqfwlrq Kq￿+vw>>n,
wkdw lpsrvhv wkh qrqolqhdulw| lq wkh frqglwlrqdo yduldqfh lv sdudphwhul}hg zlwk








>A3>f 4===  fq=




















E17141 Iluvw rughu sduwldo ghulydwlyh ri Kq+vw>>f,
Doo ri wkh uvw rughu ghulydwlyhv kdyh wkh vdph vwuxfwxuh/ dv dq h{dpsoh zh frqvlghu








Ohw fl ghqrwh wkh lwk hohphqw ri wkh orfdwlrq yhfwru f/ wkhq wkh ghulydwlyhv ri w zlwk









































li qA4 / rwkhuzlvh Vxp @4 1 Qrwh wkdw
C￿w
C* @ 3 dqg
C￿w
C￿ @ 3 lq wkh frqglwlrqdo phdq fdvh gxh wr wkh idfw wkdw vw @ |w￿g
zklfk ghshqgv qhlwkhu rq * qru 1
E17151 Vhfrqg rughu sduwldo ghulydwlyh ri Kq+vw>>f,








































Qrq0sdudphwulf whvw ri LLG +EGV,
vwdwlvwlf 4517 :1;
OP0whvw djdlqvw qrqolqhdulw| ri VWDU w|sh=
s0ydoxh s0ydoxh
g @4 :1<43￿57 313347
g @5 <1843￿47 313334:
g @6 41;43￿53 3133377
g @7 61943￿< :1943￿9
g @8 :1943￿49 314:
Wdeoh F14= Fhuwdlq fkdudfwhulvwlfv/ wkh EGV whvw dqg olqhdulw| whvwv iru wkh RP[0
lqgh{ dqg wkh MS\2XVG h{fkdqjh udwh1 Wkh fkdudfwhulvwlfv dqg wkh EGV whvw
duh frpsxwhg iurp wkh uhvlgxdov ri d olqhdu prgho +d frqvwdqw/ gdlo| gxpp| ydul0
deohv dqg dq DU sro|qrpldo,1 Wkh EGV vwdwlvwlf lv dv|pswrwlfdoo| qrupdoo| glv0
wulexwhg zlwk }hur h{shfwdwlrq dqg xqlw yduldqfh1 Wkh OP whvw djdlqvw qrqolqhdu0
lw| ri OVWDU+6, w|sh xvhv d odj ohqjwk : iru wkh dxwruhjuhvvlyh sduw1 Wkh whvw
lv frpsxwhg/ dvvxplqj frqvwdqw frqglwlrqdo yduldqfh/ djdlqvw wkh dowhuqdwlyh iru/
4  g  81 Wkh qxoo k|srwhvlv lv jlyhq lq wkh wdeoh1
6<Iljxuh F14= Wkh gdlo| Vzhglvk RP[ lqgh{/ Ghfhpehu 63/ 4<;6 wr Vhswhpehu 63/
4<<;1 Wkh gdvkhg yhuwlfdo olqh fruuhvsrqgv wr Rfwrehu 8/ 4<<71 Revhuydwlrqv suh0
fhglqj wklv gdwh duh xvhg iru hvwlpdwlrq dqg wkh uhpdlqlqj rqhv iru rqh0vwhs0dkhdg
iruhfdvwlqj1
Iljxuh F15= Uhwxuqv ri wkh gdlo| Vzhglvk RP[ lqgh{ +uvw glhuhqfhv,/ Ghfhpehu
64/ 4<;6 wr Vhswhpehu 63/ 4<<;1 Wkh gdvkhg olqh fruuhvsrqgv wr Rfwrehu 8/ 4<<71
Revhuydwlrqv suhfhglqj wklv gdwh duh xvhg iru hvwlpdwlrq dqg wkh uhpdlqlqj rqhv
iru rqh0vwhs0dkhdg iruhfdvwlqj1








































































Wdeoh F15= Sdudphwhu hvwlpdwhv ri wkh VWDU0VWJDUFK prghov +vwdqgdug ghyld0









Qrqsdudphwulf whvw ri LLG +EGV,
EGV vwdwlvwlf 315; 414
s0ydoxh +dv|pswrwlf, 31:; 315<
s0ydoxh +errwvwuds, 31:; 3163
Wdeoh F16= Fkdudfwhulvwlfv ri wkh vwdqgdugl}hg uhvlgxdov ri wkh VWDU0VWJDUFK
prgho dqg wkh EGV whvw ri lqghshqghqfh iru wkh vwdqgdugl}hg huuruv1 Iru wkh EGV




o @4 315: 3144
o @5 3187 3136:
o @6 319< 313;9
o @7 31;4 3148







g @4 3144 317<
g @5 3177 3169
g @6 316; 3134<
g @7 314: 3169
g @8 3168 31:5
Wdeoh F17= s0ydoxhv ri vshflfdwlrq whvwv iru wkh frqglwlrqdo phdq iru wkh hvwlpdwhg
VWDU0VWJDUFK prgho1 OP whvwv iru wkh frqglwlrqdo phdq= Wkh whvw ri qr uhpdlq0
lqj dxwrfruuhodwlrq lv frpsxwhg djdlqvw wkh dowhuqdwlyh ri uhpdlqlqj dxwrfruuhodwlrq
xs wr wkh jlyhq odj/ o1 Wkh whvw ri sdudphwhu frqvwdqf| lv frpsxwhg djdlqvw wkh
dowhuqdwlyh ri wlph0ghshqghqfh jlyhq e| dq OVWDU+6, sdudphwul}dwlrq zlwk wlph
dv wkh wudqvlwlrq yduldeoh1 Wkh whvw djdlqvw qrqolqhdulw| ri OVWDU+6, w|sh xvhv d
odj ohqjwk : iru wkh dxwruhjuhvvlyh sduw1 Wkh whvw lv frpsxwhg vhsdudwho| djdlqvw
wkh dowhuqdwlyhv 4  g  81
75RP[ lqgh{
Uhpdlqlqj qrqolqhdulw| ri VWJDUFK w|sh +s0ydoxhv,
Doo sdudphwhuv 4=;  43￿;
Frqvwdqw lqwhufhsw <=<  43￿:
Uhpdlqlqj qrqolqhdulw| zlwk d {hg ghod| +s0ydoxhv,
g @4 4=;  43￿;
g @5 5=6  43￿8
g @6 3134:
Wdeoh F18= s0ydoxhv ri wkh whvw djdlqvw qrqolqhdulw| lq wkh frqglwlrqdo yduldqfh iru
d VWDU0JDUFK prgho hvwlpdwhg iru wkh RP[ lqgh{1 Wkh whvwv djdlqvw uhpdlq0
lqj qrqolqhdulw| pdnh xvh ri d wklug rughu Wd|oru dssur{lpdwlrq ri wkh wudqvlwlrq
ixqfwlrq1 Rqh whvw lv djdlqvw d VWJDUFK vwuxfwxuh dqg wkh rwkhu rqh djdlqvw
d qrqolqhdulw| zlwk d {hg ghod|1 Wkh odwwhu rqh lv frpsxwhg vhsdudwho| djdlqvw
4  g  61
RP[ lqgh{ MS\2XVG
Uhpdlqlqj DUFK +s0ydoxhv,
o @4 3148 314:
o @5 3165 314;
o @6 3184 313346
o @43 3178 31355
Whvw ri wkh ixqfwlrqdo irup +s0ydoxhv,
o @4 3193 317<
o @5 3177 3185
o @6 3178 3148







Uhpdlqlqj qrqolqhdulw| ri VWJDUFK w|sh +s0ydoxhv,
Doo sdudphwhuv 313354 313;3
Frqvwdqw lqwhufhsw 313346 319<
Uhpdlqlqj qrqolqhdulw| zlwk d {hg ghod| +s0ydoxhv,
g @4 313354 313;3
g @5 3193 3186
g @6 3146 3154
Wdeoh F19= s0ydoxhv ri vshflfdwlrq whvwv iru wkh frqglwlrqdo yduldqfh ri wkh hvwlpdwhg
VWDU0VWJDUFK prgho1 OP whvwv iru wkh frqglwlrqdo yduldqfh= Wkh whvwv ri qr
uhpdlqlqj vhuldo ghshqghqfh lq wkh vtxduhg dqg vwdqgdugl}hg uhvlgxdov duh frpsxwhg
djdlqvw wkh dowhuqdwlyh ri uhpdlqlqj ghshqghqfh xs wr wkh jlyhq odj/ o1 Wkh whvw ri
sdudphwhu frqvwdqf| lv frpsxwhg djdlqvw wkh dowhuqdwlyh ri wlph0ghshqghqfh jlyhq
e| dq OVWDU+5, sdudphwul}dwlrq zlwk wlph dv wkh wudqvlwlrq yduldeoh1 Wkh whvwv
djdlqvw uhpdlqlqj qrqolqhdulw| pdnh xvh ri d wklug rughu Wd|oru dssur{lpdwlrq ri
wkh wudqvlwlrq ixqfwlrq1 Rqh whvw lv djdlqvw d VWJDUFK vwuxfwxuh dqg wkh rwkhu
rqh djdlqvw d qrqolqhdulw| zlwk d {hg ghod|1 Wkh odwwhu rqh lv frpsxwhg vhsdudwho|
djdlqvw wkh dowhuqdwlyhv 4  g  61
76Dvvhw UPVH Whvw
Rxu prgho Frpshwlwru s0ydoxh
RP[ lqgh{ 3165 316< 3
MS\2XVG 315: 315: 31<<
Wdeoh F1:= Urrw phdq vtxduh huuruv +UPVH, ri wkh frqglwlrqdo phdq sduw ri wkh
VWDU0VWJDUFK prgho dqg lwv olqhdu frpshwlwru1 Dovr wkh s0ydoxh ri wkh whvw ri
wkh qxook|srwkhvlv K3 = u @3djdlqvw K4 = uA3lv jlyhq1 Iru wkh Vzhglvk RP[
lqgh{ zh xvh d olqhdu DU+:, prgho dv wkh frpshwlwru1 Iru wkh MS\2XVG h{fkdqjh
udwh zh xvh wkh ghyldwlrq ri wkh dfwxdo revhuydwlrqv iurp }hur dv wkh frpshwlwru1
Wkh prgho
04 3 4 Wrwdo
Wkh 04 43; 5;4 6 6<5
revhuyhg 3 5: 44: 6 47:
gdwd 4 4 459 667 794
Wrwdo 469 857 673 4333
Wdeoh F1;= Furvv0wdexodwlrq ri wkh rughuhg dfwxdo revhuydwlrqv dqg rqh0vwhs0dkhdg
iruhfdvwv ri wkh Vzhglvk RP[ lqgh{1 D ydoxh ehwzhhq 031335 dqg 31335 lv ghqrwhg
3/ rwkhuzlvh srvlwlyh dqg qhjdwlyh ydoxhv duh uhsuhvhqwhg e| 4 dqg 041
Wkh prgho
04 3 4 Wrwdo
Wkh 04 ;< 786 437 979
revhuyhg 3 4; ;< 4; 458
gdwd 4 <8 7:4 456 9;<
Wrwdo 535 4346 578 4793
Wdeoh F1<= Furvv0wdexodwlrq ri wkh rughuhg dfwxdo revhuydwlrqv dqg rqh0vwhs0dkhdg
iruhfdvwv ri wkh MS\2XVG h{fkdqjh udwh1 D ydoxh ehwzhhq 0313338 dqg 313338 lv
ghqrwhg 3/ rwkhuzlvh srvlwlyh dqg qhjdwlyh ydoxhv duh uhsuhvhqwhg e| 4 dqg 041
77Iljxuh F16= Wkh MS\2XVG gdlo| h{fkdqjh udwh/ Ghfhpehu 5;/ 4<:; wr Vhswhpehu
63/ 4<<:1 Wkh gdvkhg yhuwlfdo olqh fruuhvsrqgv wr Mdqxdu| 4/ 4<<51 Revhuydwlrqv
suhfhglqj wklv gdwh duh xvhg iru hvwlpdwlrq dqg wkh uhpdlqlqj rqhv iru rqh0vwhs0
dkhdg iruhfdvwlqj1
Iljxuh F17= Uhwxuqv ri wkh MS\2XVG gdlo| h{fkdqjh udwh +uvw glhuhqfhv,/ Gh0
fhpehu 5</ 4<:; wr Vhswhpehu 63 4<<:1 Wkh gdvkhg olqh fruuhvsrqgv wr Mdqxdu| 4/
4<<51 Revhuydwlrqv suhfhglqj wklv gdwh duh xvhg iru hvwlpdwlrq dqg wkh uhpdlqlqj
rqhv iru rqh0vwhs0dkhdg iruhfdvwlqj1
78Iljxuh F18= Ydoxhv ri wkh wudqvlwlrq ixqfwlrq iru wkh frqglwlrqdo phdq sduw ri prgho
+517, iru wkh Vzhglvk RP[ lqgh{ uhwxuq vhulhv1 Hdfk flufoh lqglfdwhv dq revhuydwlrq1
Iljxuh F19= Wkh hvwlpdwhg *volfhg* vshfwuxp ri prgho +517, iru wkh Vzhglvk RP[
lqgh{ uhwxuq vhulhv1 Wkh {0d{lv jlyhv wkh iuhtxhqf| dqg wkh |0d{lv jlyhv wkh ydoxh ri
wkh wudqvlwlrq ixqfwlrq1 D volfh +vrolg fxuyh, uhsuhvhqwv dw ohdvw rqh revhuyhg ydoxh
ri wkh wudqvlwlrq ixqfwlrq1
79Iljxuh F1:= Ydoxhv ri wkh wudqvlwlrq ixqfwlrq iru wkh frqglwlrqdo phdq sduw ri prgho
+517, iru wkh MS\2XVG h{fkdqjh udwh uhwxuq vhulhv1 Hdfk flufoh lqglfdwhv dq revhu0
ydwlrq1
Iljxuh F1;= Wkh hvwlpdwhg *volfhg* vshfwuxp ri prgho +517, iru wkh MS\2XVG h{0
fkdqjh udwh uhwxuq vhulhv1 Wkh {0d{lv jlyhv wkh iuhtxhqf| dqg wkh |0d{lv jlyhv wkh
ydoxh ri wkh wudqvlwlrq ixqfwlrq1 D volfh +vrolg fxuyh, uhsuhvhqwv dw ohdvw rqh revhuyhg
ydoxh ri wkh wudqvlwlrq ixqfwlrq1
7: